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Abstract

The endocannabinoid (eCB) system has emerged as a central integrator linking the perception of
external and internal stimuli to distinct neurophysiological and behavioural outcomes (such as fear
reaction, anxiety and stress-coping), thus allowing an organism to adapt to its changing
environment. eCB signalling seems to determine the value of fear-evoking stimuli and to tune
appropriate behavioural responses, which are essential for the organism’s long-term viability,
homeostasis and stress resilience; and dysregulation of eCB signalling can lead to psychiatric
disorders. An understanding of the underlying neural cell populations and cellular processes
enables the development of therapeutic strategies to mitigate behavioural maladaptation.

If asked for the main reason why they use this largely illicit drug, the majority of cannabis
users in the world would probably answer “it relaxes me” (REF. 1). This indicates that
cannabinoid signalling in the brain and the body has a central role in the control of stress,
fear and anxiety. Recently, the molecular, cellular and circuit mechanisms underlying these

functions have started to be deciphered.

Appropriate behavioural responses to external (such as sensory inputs) and internal stimuli
(such as endocrine, paracrine, metabolic and neuronal signals) are vital for an organism’s
survival. Ideally, the consequent reactivity of the organism to stimuli is intrinsically
regulated in an optimal manner, to avoid excessive or insufficient reactions, both of which
can jeopardize the organism’s survival. A large body of data has emerged in recent years
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pointing to a crucial role of the endocannabinoid (eCB) system in the regulation of the
behavioural domains of acquired fear, anxiety and stress-copingZ~’. The eCB system
modulates synaptic transmission processes®-?, thereby regulating behavioural outputs.

Despite the fact that the eCB system is widely distributed in the CNS%19, its activity is
highly specific and localized. To understand this specificity in the context of fear, anxiety
and stress-coping, one needs an integrated view of the eCB-mediated control of relevant
brain regions (mainly the hippocampus, prefrontal cortex (PFC), amygdala and
hypothalamus) and their interregional connectivity, and of the communication of these brain
regions with peripheral organs (via the hypothalamic—pituitary—adrenal (HPA) axis and
sympathetic nervous system). Within distinct brain regions, eCB signalling can differentially
modulate the activity of multiple cell types (neuronal subtypes?, astrocytes!! and
microglia!2), and in turn can execute context-related alterations in synaptic transmission,
resulting in fine-tuned patterns of neuronal activity.

The eCB system classically includes cannabinoid receptor type 1 (CB1R) and CB2R, their
endogenous lipid ligands (the eCBs; the most-studied of which are 2-arachidonoyl glycerol
(2-AG) and N-arachidonoylethanolamine (AEA; also known as anandamide)), and eCB-
synthesizing and -degrading enzymes® (FIG. 1).

Here, we discuss recent progress in understanding how the eCB system is an integral part of
the interface between stimulus input and executive responses at the synaptic and behavioural
levels, and how it is involved in feedback mechanisms leading to adapted neuronal and
behavioural reactions. Our discussion also includes pathophysiological states, as observed in
anxiety- and stress-related dysfunctions, such as anxiety disorders. We evaluate whether the
activity of the eCB system is altered in these disease states and whether these observations
might lead to possible approaches for therapeutic intervention.

Modulation of synaptic processes

The eCB system is widely distributed in the CNS!0, constituting a complex signalling
system? that subserves multiple modes of synaptic transmission modulation3-13-15, The
specific outcome of eCB-mediated modulation of synaptic transmission is dependent on the
synapse-specific expression of the protein components of the eCB system (FIG. 1).
Although the eCB system is highly abundant in the CNS!0, not all synapses contain a
functional eCB system. As CBIR is the major constituent of the eCB system, the expression
of CBIR is highly indicative of the presence of eCB signalling at that particular synapse.
The eCB system is expressed at some synapses in all brain regions that are important for the
processing of anxiety, fear and stress, including the hippocampus!®-17, the PFC!3, the bed
nucleus of the stria terminalis (BNST)!?, the basolateral amygdala (BLA)!6-20_ the central
amygdala (CeA)2122 and various hypothalamic nucleiZ3. In cortical areas (including the
cerebral cortex, hippocampus and cortical parts of the amygdala), CBIR is highly expressed
in cholecystokinin (CCK)-positive GABAergic interneurons, whereas CB 1R expression is
largely absent from other interneuronal subtypes (for example, calretinin-and parvalbumin-
positive interneurons)!%17. Much lower levels of CBIR expression are present in
glutamatergic neurons of cortical regions®-10:16. However, cortical glutamatergic CBIR has
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been shown to have important functional roles, including the control of synaptic
transmission and neuronal excitability!3-2425, CBIR is also present in the cholinergic,
serotonergic and noradrenergic system, suggesting that the eCB system is involved in the
suppression of the release of these neurotransmitters, although direct electrophysiological
evidence is mostly lacking?6-2%. Furthermore, CB1R is present at very low levels in
astrocytes>?. CB2R is expressed in microglia, particularly in activated microglia, but the
question of CBIR expression in these cells needs further investigation!2.

At the synapse, eCBs function as retrograde messengers, binding to presynaptic CBIR,
which in turn mediates the suppression of neurotransmitter release, leading to either
transient eCB-mediated short-term depression (eCB-STD) or eCB-mediated long-term
depression (eCB-LTD) of synaptic transmission (FIG. 2a). In addition, arachidonic acid
(AA), which is both a precursor (in a lipid-esterified form) and a degradation product of
eCBs, has recently been found to also act as a retrograde messenger, potentiating excitatory
transmission in a process called depolarization-induced potentiation of excitation (DPE)3!
(FIG. 2b). Interestingly, many years ago, it was reported that AA can modulate synaptic
transmission by various mechanisms32-33, DPE has to be taken into consideration, as the
genetic and pharmacological modulation of eCB-synthesizing and -degrading enzymes can

34-36, thereby presumably also influencing

lead to considerable changes in AA levels
synaptic transmission. Owing to diffusion in the extracellular space of eCBs at the synapses,
eCBs can also modulate neurotransmitter release at neighbouring synaptic terminals, leading
to heterosynaptic suppression of neurotransmitter release!# (FIG. 3a). The eCB system and

CBI1R are also present and functional in astrocytes, thus eCB signalling is integrated into the
concept of the ‘tripartite synapse’, including pre-and postsynaptic elements and surrounding

astroglial processes! 37 (FIG. 3b).

A central feature of the eCB system is that eCBs are synthesized on demand from cellular
membrane lipids following various stimuli!#. This is well documented for 2-AG, whose
synthesis was shown to be stimulated after increased postsynaptic intracellular Ca2+
concentration or increased activity of phospholipase Cp (PLCP). The on-demand generation
of AEA is not well characterized yet, owing to the lack of a detailed understanding of the
mechanisms of AEA synthesis. The concept of on-demand eCB synthesis represents an
attractive construct for understanding the roles of the eCB system in neuronal-network
modulation and behaviours. In this construct, the eCB system is thought to be transiently
activated at distinct synapses where the different cellular elements involved have been
stimulated beyond a certain threshold. According to this view, the eCB system constitutes a
brake mechanism used to fine-tune the network activity of specific brain circuits?->8. This
mechanism, which seems to be mediated mainly by 2-AG, is an activity-driven process: eCB
signalling is mostly silent when activity is low. Other molecules that induce eCB synthesis
have also been identified, including corticosteroids®-*0 and estradiol*!, leading to the
hypothesis that eCB signalling is the effector by which these hormones alter synaptic
activity. Conversely, there are convincing data that AEA is involved in the tonic suppression
of neurotransmitter release!4.

Thus, the eCB system has emerged as a modulator of synaptic activity via a multitude of
different mechanisms, resulting in either enhancement or suppression of general network
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activity. The eCB system is present throughout brain areas and neuronal circuits controlling
anxiety*42, fear**2 and stress*3, from sensory circuits to output nuclei.

Anxiety behaviour

Anxiety is an innate behavioural state associated with the anticipation of potential future
threats that allows an organism to avoid potentially dangerous or harmful situations. Inputs
from multiple senses are evaluated to assess these potential dangers and to initiate
appropriate behavioural responses. The physiological and emotional state of the organism at
the moment of this perception plays an important part in the evaluation of threat and
determines the intensity of the autonomic, hormonal and behavioural outputs. Anxiety-like
behaviours (for example, avoidance, decreased motion, increased heart rate and
hypervigilance) occurring within the normal range of intensity are important for survival.
However, when anxiety behaviours chronically exceed the normal range and become
disproportionate to the actual level of danger, deleterious physical and psychological
consequences ensue, eventually leading to anxiety-related neuropsychiatric disorders**43.
Increasing insights into the brain regions and neuronal circuits regulating anxiety have been
gained during the last years*2.

A large number of pharmacological and genetic studies support the role of the eCB system
as an important regulator of anxiety-like behaviours**©. Analysis of global CB1R-deficient
mice revealed increased anxiety-like behaviour under highly aversive conditions but not
under less aversive conditions*’. This could occur because eCB signalling is mobilized only
when the stimulus is very strong or because eCB synthesis has been sensitized by a previous
negative event*®. The conditional deletion of the gene encoding CBIR in cortical
glutamatergic neurons, which interconnect several brain areas of the anxiety circuits, did not
result in differences in behavioural responses in standard anxiety tests (for example, the

47 or non-aversive

50,51

elevated plus maze, which is a model of mild stress) under aversive
conditions*”4°. However, these mice exhibited decreased exploratory behaviour and
increased thigmotaxis in the Morris water maze (a model of spatial learning that also places
the animal under mild stress) 2. These phenotypes might be seen as a neophobic behaviour,
and thus as increased anxiety-like behaviour. Complementary to these loss-of-function
studies, specific genetic-rescue experiments showed that re-expression of CB1R in cortical
glutamatergic neurons is sufficient to almost completely restore wild-type anxiety-like
behaviour in mice lacking CB1R expression in all cells of the body except cortical
glutamatergic neurons>>.

Conversely, the loss of CBIR in forebrain GABAergic neurons leads to increased
exploratory behaviours in mildly aversive conditions>?>!, which can be interpreted as
reduced anxiety-like or neophobic behaviour. However, in the elevated plus maze, the
exploratory behaviour of these conditional-knockout mice was the same as that of
controls#®. Thus, CB1Rs on cortical glutamatergic and GABAergic neurons exert opposing
control on anxiety-like behaviours, but only when the environmental aversiveness exceeds a
certain threshold. This is in agreement with the notion that the eCB system exerts a
‘buffering’ effect on neuronal activity in specific circuits. This function seems to operate
within specific limits of neuronal activity, whereby a certain minimal strength of stimulus is
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needed to engage eCB signalling, and when this activity overcomes certain limits, the
buffering capacity is exhausted®.

Numerous pharmacological studies support the notion of bidirectional regulation of anxiety
circuits and behaviour by CB1R. It is well known that exogenous cannabinoids influence
anxiety-like behaviour in a biphasic manner, with low and high doses exerting anxiolytic and
anxiogenic states, respectively, in both animals and humans>4. These pharmacological
effects are mediated by CB1R. Cell-type-specific CB1R-deficient mice have enabled the
identification of the underlying mechanisms of these biphasic effects*. The anxiolytic effect
of cannabinoids at low doses depends on the presence of CB1R on cortical glutamatergic
neurons, whereas the anxiogenic effect of higher doses is mediated by CB1R on forebrain
GABAergic neurons. This observation is consistent with previous experiments in which the
cannabinoid receptor agonist A-tetrahydrocannabinol (THC) was locally injected into the
ventral hippocampus or PFC: a low THC dose evoked an anxiolytic response, whereas a
high THC dose led to an anxiogenic response’>.

Taken together, these genetic and pharmacological experiments suggest a mechanism for the
processing of anxiety-related stimuli in which CB1R on glutamatergic neurons and
GABAergic neurons decreases excitatory and inhibitory drive, respectively, thereby
explaining the opposing effects of manipulation of these two transmitter systems on
anxiety*9-31. Consistent with these behavioural data and the notion of opposing functions
depending on cellular expression, mice with CB1R deficiency in cortical glutamatergic
neurons were shown to exhibit overexcited hippocampal circuits (that is, increased long-term
potentiation (LTP), spine density and dendritic branching in pyramidal neurons). By
contrast, mice with CB1R deficiency in forebrain GABAergic neurons displayed decreased
excitability of these circuits (that is, decreased LTP, spine density and dendritic branching in
pyramidal neurons) (FIG. 4). These results indicate that the loss of CBIR in either neuronal
population induced an allostatic shift and long-term dysregulation of the functions of
hippocampal pyramidal neurons>°. Interestingly, this bimodal control of excitability exerted
by glutamatergic and GABAergic CBIR correlates well with the behavioural alterations
observed.

Genetic and pharmacological interference with eCB-synthesizing and -degrading enzymes,
leading to alterations in eCB levels, has also revealed the importance of eCBs in the
regulation of anxiety. Genetic deletion of fatty acid amide hydrolase (FAAH), the primary
AEA-degrading enzyme in the CNS, leads to increased AEA levels in the brain and to
decreased anxiety-like behaviour in the elevated plus maze and the light—dark test (animal
models that measure anxiety-like behaviour)®’. Similar effects occur with pharmacological
blockade of FAAH under basal conditions>’-? and after chronic unpredictable stress
(CUS)®0. Currently, the analysis of conditional inactivation of FAAH is still pending but it
should provide additional information to clarify the exact sites where this enzyme controls
anxiety-related behaviours. Some years ago, a polymorphism in human FAAH was
identified (rs324420; in which cysteine 385 is changed to alanine)®!. This alteration leads to
a destabilized FAAH enzyme and, consequently, to an increase in AEA signalling. Humans
and mice homozygous in this allele (FAAHA/A) show decreased anxiety-like behaviour and
increased fear-extinction learning®2. Functional MRI (fMRI) investigations revealed
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increased functional connectivity between the ventromedial PFC (vmPFC) and amygdala in
these people. Remarkably, the presence of this polymorphism results in comparable
phenotypes in micef2.

With regard to 2-AG signalling, it has recently been reported that deficiency of the 2-AG-
synthesizing enzyme, diacylglycerol lipase-a (DAGLa.), leads to markedly decreased 2-AG
brain levels and to increased anxiety-like behaviour3#36, The anxiety-like behaviour was
rescued by pharmacological blockade of the 2-AG-degrading enzyme monoacylglycerol
lipase (MAGL) with JZL184 (REF. 34). In agreement with these observations, impairment
of 2-AG signalling in hippocampal glutamatergic neurons by viral overexpression of MAGL
also led to decreased 2-AG levels and increased anxiety-like behaviour®. Conversely,
pharmacological inhibition of MAGL in wild-type mice by JZL184 had anxiolytic effects
under basal conditions®%:0465 under increased aversive conditions®® and after CUS00:67,

Non-CB1R actions in anxiety

The influence of eCBs on anxiety is made more complex by their activity at receptors other
than CBIR. Postsynaptic transient receptor potential cation channel subfamily V member 1
(TRPV1) can be activated by AEA, thereby enhancing postsynaptic currents. Decreased

anxiety-like behaviour has been observed in mice lacking TRPV1 (REF. 68). As TRPV1 is

23,69-72 the analysis

expressed and functional in both GABAergic and glutamatergic neurons
of conditional TRPV 1-deficient mice will be important and might reveal a behavioural
dichotomy similar to that observed with CB1R. Furthermore, CB2R has been implicated in
the eCB-dependent regulation of anxiety-like behaviours’374. However, owing to the
enigmatic expression of this receptor in neurons (BOX 1), the mechanistic basis of these

observations is far from being understood.

The importance of CB1R-and TRPV1-mediated signalling in anxiety-like behaviour has also
been investigated by using local applications of pharmacological agents that modulate eCB-
system activity. These experiments revealed direct roles for CB1R-and TRPV 1-mediated
signalling within the ventral hippocampus’>, PFC3575, BLAS and periaqueductal grey
(PAG)76’77. Although they have a common ligand, AEA, the involvement of CBIR and
TRPV1 in anxiety is opposite, constituting an intriguing antagonistic regulatory mode
between both signalling systems’8.

In conclusion, the eCB system controls anxiety-related brain regions at many different
levels. Based on present knowledge, it seems that the general role of this system is to control
excessive activation (thereby exerting anxiolytic functions). However, it is interesting to note
that additional mechanisms (for example, CB1R signalling at GABAergic synapses) seem to
mediate opposite (that is, anxiogenic) functions under certain conditions (FIG. 4). From an
evolutionary point of view, the presence of CB1R and TRPV1, and the eCB signalling on
both antagonizing neurotransmitter systems (that is, glutamatergic and GABAergic neurons),
seems to be highly beneficial for the appropriate regulation of anxiety-like behaviour.
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Fear behaviour

Anxiety is elicited by potentially dangerous but unspecified future threats, whereas fear is
the response to specific and actual threatening stimuli. Thus, we will probably be anxious if
we are walking in an area known to contain poisonous snakes (a potential but unspecific
threat), but we feel fear when we encounter a poisonous snake directly (an actual and
specific threat)’®.

In a similar manner to anxiety, fear perception, elaboration and response involves neuronal,
autonomic and hormonal responses. The behavioural reactions to specific threats can be
passive in nature (that is, aimed at hiding from or passively avoiding the source of threat; for
example, by freezing) or active in nature (that is, aimed at escaping and actively avoiding the
danger). Fear can be innate (such as human fear of snakes and/or other animals) or acquired
(when the individual learns that a certain stimulus represent a specific threat to well-being or
life). All these modalities of fear and fear responses have been studied in experimental
settings, and there is scientific literature linking these aspects to the eCB system?—. Cued
fear conditioning is the most widely used model to study fear circuits*2-80, In this protocol,
an animal learns to associate an initially neutral stimulus (called a conditioned stimulus
(CS); for example, an acoustic, visual, tactile, gustatory or olfactory cue) with a
simultaneous fear-inducing stimulus (known as an unconditioned stimulus (US); for
example, a mild electric shock). After one or more pairings of the US with the CS, the
subject associates the two stimuli, and the presentation of the CS alone is able to evoke a
fear response’?. This association of the two stimuli (the “fear learning’) is typically
consolidated into long-term memory within 6-8 hours. In rodents, the strongest and most-
immediate fear reaction is freezing’. Scoring of freezing behaviour during presentations of
the CS alone is used to evaluate the strength of the fear elicited by the specific CS. However,
the re-exposure of the subject to the fear stimulus triggers additional neuronal processes,
aimed at adapting the behavioural response to changing environmental conditions®!:82, Thus,
short re-exposure to the CS triggers a second round of memory consolidation (called
reconsolidation), whereby new information can be integrated into the original memory3!.
Conversely, prolonged or repeated exposure to the CS in the absence of the US triggers
extinction, resulting in a decline of CS-evoked fear expression82-83. Clinically, extinction is
thought to be impaired in patients suffering from specific fear-related disorders, such as
phobias or post-traumatic stress disorder (PTSD). Thus, enhanced understanding of the
mechanisms involved in fear extinction can lead to novel treatment options for these

patients.

Brain regions and neural circuits regulating fear have been investigated intensively*2. The
eCB system is present in these fear-related brain areas and is centrally involved in the
regulation of fear-memory processing>. Global genetic deletion and pharmacological
blockade of CB1R consistently induces marked impairment in the decrease of fear responses
(that is, freezing) after repeated or prolonged CS-alone presentations, but less in acquisition
and consolidation of fear memory3*+83, Subsequent experiments using mice lacking CBIR in
cortical glutamatergic neurons revealed that CB1R in these cells is necessary for proper
reduction of the fear response3°. However, genetic-rescue experiments revealed that CBIR
in cortical glutamatergic neurons is not sufficient to guarantee this behaviour>3. This is in
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strong contrast to the CB 1R-dependent control of anxiety behaviour, which was in large part
rescued when CB1R was re-expressed (see above). CBIR deficiency in forebrain
GABAergic neurons does not seem to have an essential role in the reduction of conditioned
freezing responsesS®, although a recent study reported decreased freezing in GABAergic-
specific CB1R mutants on the first re-exposure to the conditioned stimulus®’. Further
support for a role of CBIR in GABAergic interneurons comes from evidence that fear
extinction can cause specific remodelling of perisomatic inhibitory synapses in the basal
amygdala, including alterations in the localization of the CB1R on CCK-positive neurons in
this region38. Furthermore, an interaction between the eCB system and CCK signalling has
been demonstrated, as the decrease in fear extinction that is normally induced by CB1R
antagonism was blunted in CCK-B receptor-deficient mice. This effect is possibly linked to
CBIR expressed on GABAergic neurons in the amygdala®®. CBIR can also control the
expression of aversive memories in different brain regions. For instance, CB1R in the
synaptic terminals of neurons of the medial habenula projecting to the interpeduncular
nucleus was shown to promote the expression of aversive memories in fear conditioning and
conditioned odour aversion experiments”. Interestingly, these recent results suggest that
CBIR can increase or decrease aversive responses, depending on the specific brain circuits
and cell types that are involved.

The role of 2-AG in fear extinction was shown in mice deficient in DAGLa, which have
reduced 2-AG brain levels. These mutant mice exhibit no impairments in fear acquisition but
show impaired fear extinction3¢. These data are in agreement with the requirement of the
eCB system for proper fear extinction®*. Interestingly, pharmacological enhancement of 2-
AG with the MAGL inhibitor JZL.184 promotes fear expression and impairs fear extinction,
an effect that requires CBIR in forebrain GABAergic neurons’. In fact, genetic and
pharmacological blockade of MAGL enhances hippocampal depolarization-induced
suppression of inhibition (DSI; a form of eCB-STD at GABAergic synapses)®!-92, leading to
insufficient GABAergic transmission, which is consistent with increased fear expression.
These results suggest that an optimal level of 2-AG is required for appropriate processing of
fear responses and that having 2-AG levels that are too high or too low impairs the decrease
in fear expression.

Pharmacological experiments that applied CB1R antagonists to specific brain regions
revealed that eCB signalling in the BLA and CeA are important for different phases of fear
extinction?!. CBIR blockade in the BLA led to an impairment of long-term extinction,
whereas CB1R antagonism in the CeA reduced within-session extinction?!. In addition, it
was reported that the magnitude of depolarization-induced suppression of excitation (DSE)
and DSI in the CeA was increased on the day after fear conditioning, showing that CB1R-
mediated synaptic plasticity in the CeA is a consequence of fear conditioning?!.
Pharmacological blockade of CBIR in the infralimbic subregion of the medial PFC also
impairs fear extinction®3.

Pharmacological enhancement of AEA signalling by inhibition of FAAH in the BLA
facilitates fear extinction via activation of the CB1R%*. In these pharmacological
experiments, CB1R on both afferent synaptic terminals and local GABAergic interneurons is
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likely to be activated. Thus, although these experiments reveal the importance of CB1R
signalling in the BLA, they do not give information on the specific neuronal circuits.

Reduction of fear responses

How does the eCB system modulate the fear reaction and the extinction process? Several
theories have been proposed to explain the reduction of fear responses on repeated or
prolonged exposure to a CS82, but the two primary theories refer to overlapping processes of
‘extinction’ and of ‘habituation’ (REFS 3,82). Both these processes are learning phenomena
by which experience modifies future behavioural responses. Extinction is considered an
active associative-learning process, in which a new association is formed, predicting the
absence of the US after CS presentations®2. Conversely, habituation is one of the simplest
forms of memory and relies on the non-associative reduction of responses to repeated
stimuli occurring even in very simple neuronal systems (for example, aplysia®>). The eCB
system has been proposed to participate in both of these processes. One possibility is that the
local, CB1R-dependent control of neuronal transmission and plasticity might regulate
associative properties of extinction, by favouring the activation of putative ‘no-fear’ neurons
at the expense of ‘fear’ neurons in amygdalar circuits2. However, another hypothesis is that
eCB signalling might potentiate or activate non-associative habituation processes to dampen
the fear reaction after repeated CS-alone exposures”®. The decrease of freezing response
elicited by repeated tone presentations to mice previously exposed to a footshock not
associated to the tone (non-associative sensitization) was shown to be strongly impaired in
global CB1R-deficient mice and in conditional mutant mice lacking CB1R in cortical
glutamatergic neurons3-2%-97. Remarkably, this concept of habituation is congruent with the
notion of how the eCB system works in stress-coping (see also below), in which it is
activated by repeated exposure to a homotypic stress (that is, an identical repeated sensory
input) and is required for habituation”8. Therefore, the available data support the hypothesis
that the eCB system is required for appropriate and efficient fear relief3, whereby the activity
of the eCB system is increased with each re-exposure to a stimulus associated with a threat
that is no longer present, and the fear response (for example, the freezing behaviour) is
reduced in a manner inversely related to the elevation of eCB-mediated CBIR activation.
This model still has to be verified experimentally by cell-type-specific analyses of eCB
system activity under conditions of repeated exposures to the threatening stimuli.

The extinction of conditioned fear is inhibited by stress exposure, which can be problematic
in the application of extinction-like procedures to treat PTSD in humans. In the inhibitory-
avoidance paradigm, in which the animal (for example, a rat) learns to avoid places
previously associated with punishments, exposure to stress enhances conditioning and
reduces extinction. Both of these effects of stress are inhibited by CB1R agonist injection
into the BLA%. Similarly, the effect of a single prolonged stress (SPS) to inhibit contextual
fear extinction 1 week later is reduced by CB1R activation in BLA or hippocampus
immediately after the SPS!00 Furthermore, CB1R activation prevents SPS-induced
upregulation of the glucocorticoid receptor in the BLA and hippocampus, suggesting that
high CB1R activity at the time of trauma reduces the glucocorticoid receptor’s ability to
hyperactivate the fear circuit. Chronic social-defeat stress also impairs contextual fear
extinction, an effect that is alleviated by the treatment with the FAAH inhibitor URB597
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(REF. 101). These data are consistent with the hypothesis that chronic stress creates a
‘hypocannabinergic state’ that results in impaired fear extinction and can be alleviated by

CBI1R agonists and indirect agonists (see below).

Fear-coping strategies

Several theories of fear refer to the coexistence of different coping strategies, or ‘styles’,
which induce specific types of responses to threatening situations; these are usually
classified as passive (or reactive) and active (or proactive)102’103. Another distinct feature of
the eCB system is its role in the regulation of switching between these different strategies,
that is, between a passive fear response (such as freezing) and active behaviours (such as
escape attempts and risk assessment). In classical fear conditioning, after prolonged
exposure to the threatening stimuli, a switch occurs from passive to active behaviour. Global
CBIR deficiency disrupts this pattern and favours passive responses!%4. This phenotype
seems to depend on CB1R expressed on cortical glutamatergic neurons, as mutants lacking
CBI1R in these neurons display longer freezing responses in fear conditioning and slower
learning of avoidance behaviour in active-avoidance paradigms. Conversely, loss of CB1R
on forebrain GABAergic neurons leads to the opposite phenotype, decreasing freezing and
favouring active behaviours (in this case, digging and rearing) in fear conditioning, and
promoting more efficient active avoidance. Interestingly, when all CS-induced responses
(freezing, rearing and digging, which could all be considered rationally as ‘fear responses’)
were summed over a sufficiently long period of CS presentation, there was no difference in
the patterns displayed by either of the conditional mutants compared with wild-type
controls; that is, there is no difference in total fear-related behaviours. These data
provokingly suggest that the CBIR expressed on either cortical glutamatergic or forebrain
GABAergic neurons does not strongly affect the ‘memory’ of the conditioning event and the
consequent levels of perceived ‘fear’ by the individuals during CS exposition, but merely

determines the individual coping style towards specific threats!04,

Stress-coping

Stress can be defined as a reaction of the body to an internal or external challenge to prepare
its response to possible dangers or injuries. Physical and psychological stress induces a
pattern of responses that allow for coping with the immediate threat followed by recovery to
homeostasis. The earliest responses to stress are neural and occur within seconds of the
stress. Several neurotransmitters are involved in this process, including noradrenaline,
serotonin, GABA, glutamate and the fast-reacting stress hormone adrenaline. Endocrine
responses, mediated by activation of the HPA axis, with the ultimate release of adrenal
glucocorticoids, occur minutes to hours after the stress. Preclinical data strongly support the
hypothesis that eCB signalling is altered by stress (BOX 2) and represents a central
mechanism by which stress alters synaptic plasticity in many brain regions.

Acute stress produces changes in the brain concentrations of the two major eCBs, AEA and
2-AG, and thereby alters CB1R signalling. Acute stress exposure reduces the concentration
of AEA in the amygdala and PFC; these changes are accompanied by an increase in the

activity of FAAH!% and are mediated by effects of corticotropin-releasing hormone (CRH)
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that alter FAAH activity!%. In the amygdala, reduced AEA concentrations enable the
activation of the HPA axis, and inhibition of FAAH reduces the glucocorticoid response!?.
Both stress and glucocorticoids increase the concentrations of 2-AG in the hypothalamus,
hippocampus, PFC and raphe nuclei. In the hypothalamus, activation of a plasma membrane-
associated glucocorticoid receptor rapidly increases levels of 2-AG, which acts to inhibit
glutamate release!”. In the PFC, the mechanism by which glucocorticoids elevate 2-AG
levels is not clear, but this increase results in the inhibition of GABA release!03. Both in the
hypothalamus!% and in the PFC!08, activation of CBIR signalling is required for
glucocorticoid-mediated feedback inhibition of the HPA axis. Interestingly, recent data
indicate that restraint stress is also able to switch eCB-dependent plasticity from LTD to LTP
in the BNST, suggesting that the eCB system can regulate stress responses in several
different brain regions!!%. Food deprivation was also shown to convert an eCB-dependent
LTD of inhibitory transmission to a nitric oxide (NO)-dependent, CB 1R-independent LTP of
inhibitory transmission in the hypothalamus!!!, indicating that eCB signalling is centrally
involved in plastic adaptations induced by different types of stress.

Chronic stress exposure also alters the eCB system throughout the brain. Exposure to non-
habituating, chronic stress downregulates CB1R signalling in many brain regions involved in

112 113 114

emotional processing, including the hippocampus” ', striatum" *°, nucleus accumbens

116 17 and hypothalamus!!®. In the hippocampus,

PFC!15, dorsal raphe nucleus!!®, amygdala
hypothalamus and striatum, chronic stress reduces signalling by downregulating
CB1R!12.113,118 However, in the PFC, chronic stress increases CB1R mRNA expression but
clearly reduces CBIR responsivity at GABAergic terminals'!3. Yet another mechanism is at
play in the amygdala, where chronic stress increases FAAH activity and decreases AEA
concentrations, which would be expected to decrease eCB signalling at the level of ligand
availability!!7. Different neuronal types, such as cortical glutamatergic, forebrain
GABAergic and serotonergic neurons, are differentially involved in the responses to acute
and chronic stress in mice, again indicating multilevel control of stress responses by the eCB
system?3.86:119,120,

Repeated exposures to the same stress result in habituation of HPA axis activation and of the
behavioural stress response. Repeated homotypic stress exposures sensitize the eCB system,
which contributes to the habituation to stress”312!, The mechanism involves increased
concentrations of 2-AG, possibly owing to reduced catabolism by MAGL*8, The ability to
habituate to repeated exposure to a non-threatening stimulus is protective, as it avoids the
consequences of chronic stress. The ability of eCB-mediated synaptic plasticity to facilitate
habituation could be one of the most critical roles of this process in the context of human

psychopathology.

In summary, the brain’s eCB system links stress exposure to changes in synaptic plasticity,
contributing to activation and feedback regulation of the HPA axis. More importantly for the
understanding of human psychopathology, chronic stress can downregulate CB1R signalling
in brain regions vital for the regulation of affective processes, whereas habituation to stress,
which reduces its effect, is accompanied by enhanced eCB system activity. In more general
terms, the hypothesis can be put forward that the eCB system facilitates the activation of
resilience factors!22:123 during and/or after stress exposure.
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Future directions

Which specific neuronal circuits are regulated by the eCB system?

The eCB system is present in many brain circuits that are known to regulate anxiety, fear and
stress-coping processes. Together with anatomical descriptions, substantial functional
evidence corroborates the idea that eCB signalling modulates synaptic activity at many
‘nodes’ of these circuits. However, direct evidence of these functions of eCB signalling in
freely behaving animals challenged with specific tasks to measure anxiety, fear and stress-
coping behaviours is mostly missing and will require the manipulation of the activity of
well-identified circuits in behaving animals. Therefore, most of the presently available
evidence is correlative in nature and based on parallel mechanisms between in vitro, ex vivo
and in vivo data, which are powerful and consistent but cannot be used to demonstrate
causality. This limitation, which has negatively affected the progress of behavioural
neurosciences in general, is being addressed by the advent of new technological approaches.
For instance, experimental approaches such as optogenetics and pharmacogenetics!24:125
will allow the examination of the direct causal relationship between the activity of specific
circuits and behaviour in freely moving animals. The application of these techniques to the
field of the eCB system, in combination with cell-type genetic manipulation of eCB system
components using the Cre—/oxP system and viral techniques, will allow the direct causal
relationships between the function of, for example, CBIR in specific circuits and
behavioural outputs to be uncovered!26. Similarly, causal links between eCB system-
meditated electrophysiological and/or synaptic modulations and behavioural outputs need to
be established.

The eCB system and CNS—periphery crosstalk

The eCB system is also centrally involved in the crosstalk between central and peripheral
processes regulating behaviour. This is well known in the control of energy balance and
feeding, in which CBI1R expression in the brain and in the periphery synergizes to regulate
both metabolic activity and behavioural outputs!2’. This potential crosstalk has been
extended to anxiety-and fear-related behaviours!28, The anxiogenic effect in the elevated
plus maze test and the freezing-promoting effect in fear-conditioning settings exerted by the
CB1R antagonist rimonabant were blocked by the administration of peripherally restricted
B-adrenergic receptor antagonists. Interestingly, this blockade also occurred when
rimonabant was administered directly into the brain, suggesting that centrally mediated
hyperactivation of the sympathetic nervous system is a primary consequence of CBIR
blockade!28. There is still much to be learned about eCB-mediated modulation of the
crosstalk between the CNS and the periphery and how this can influence behavioural outputs
(including in anxiety-and fear-related dimensions).

Astroglial CB1R in anxiety, fear and stress-coping

By secreting ‘gliotransmitters’ (for example, glutamate, GABA, ATP and d—serine)129 and

130 astrocytes can profoundly influence

providing energy supply and protection to neurons
synaptic activity and brain function, including anxiety-and fear-related behaviours.
Astrocytes and other glial cell types produce eCBs in response to activity-related ATP

release!3! and express low, but functionally important, levels of cannabinoid receptors!1-132,
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Recent data indicate that physiological synaptic functions are regulated by astroglial
cannabinoid receptors30:133-135 Interestingly, whereas the CB1R expressed at presynaptic
terminals seems to reduce neurotransmitter release, the astroglial CB1R seems to potentiate
synaptic glutamatergic signalling!33-134. Considering that astroglial cells have been
suggested to participate in anxiety, fear and stress-coping!36-137_ it will be interesting to
assess whether similar astroglial CB1R-dependent mechanisms operate in the effect of
cannabinoids and endocannabinoid signalling on these processes.

Brain bioenergetics in fear, anxiety and stress-coping: a role for CB1R?

The brain, with a weight of about 2% of the entire body, consumes up to 20% of the body’s
energy!38, presumably because bioenergetic processes in the brain are highly active and go
beyond mere cell ‘housekeeping’ and survival. This has been demonstrated both
biochemically!3? and by fMRI!40, and recent studies have revealed the profound effect of
even limited alterations of energy supply (in the form of ATP) on synaptic functions!4!.
Anxiety, fear and stress elicit high neuronal activity in distinct brain regions accompanied by
high energy requirements, which mean a great demand for ATP. Mitochondria, which are the
main cellular ‘power plants’ producing the large majority of ATP, are therefore crucial for
efficient brain function, including the regulation of mood and anxiety!#2. The ability of

143 and is now

cannabinoids to control mitochondrial activity was first reported in the 1970s
thought to be a potentially important way in which eCBs influence cellular and brain
functions!#+143_ Recently, the presence of functional CBIR at mitochondrial membranes
was demonstrated by different groups!46-147 (see REFS 148,149 for methodological
discussions). The brain mitochondrial CB1R (mtCB1R) directly regulates respiration and
ATP production and, at the synaptic level, participates in eCB-dependent synaptic plasticity.
The role of mtCBIR in anxiety-, fear-and stress-related circuits is not known yet, but this

represents an interesting new field for future research.

Functions of peptide eCBs

The eCB family is typically represented by lipid fatty acid derivatives linked to glycerol
(sn-2 acyl glycerol) or amines (N-acyl amides). However, evidence has recently accumulated
that a family of peptide derivatives of a.-haemoglobin, called peptide eCBs (pepcans)!*?,
modulates CB1R activity. In particular, pepcan-12 acts as a negative allosteric modulator of
CBI1R1%-151 and was identified in noradrenergic/adrenergic cells in the brain and in the
adrenal glands!2. Considering the importance of the regulation of the noradrenergic and
adrenergic systems in stress regulation, further studies on pepcan-12 are keenly awaited.

Concluding remarks

The effects of phytocannabinoids on fear, anxiety and stress-coping have been appreciated
for a long time, and the discovery of the active components of the plant Cannabis sativa—
which is celebrated by this series of Review articles on endocannabinoid function in the
brain!3-153-155 __ has fuelled the search for underlying mechanisms. Future studies will
need to integrate new discoveries into the larger picture of the eCB-dependent regulation of
anxiety, fear and stress responses. Based on its multiple and diverse mechanisms of action,
the eCB system can also be considered as a suitable tool to shape and fine-tune diverse and
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complex behaviours. Indeed, in a bottom-up approach, starting from any of the elements of
the eCB system (receptors, different types of ligands, triggers and enzymes involved in
ligand synthesis and degradation), researchers are asked to follow several different pathways
involving diverse elements of the mechanisms underlying complex behaviours, such as
neuronal circuits, synaptic plasticity, astroglial functions, eCB biochemistry and
bioenergetics. In the end, these studies raise strong hopes not only for a better understanding
of basic behavioural processes but also for future therapeutic interventions to tackle their
dysfunctions, which are particularly warranted in affective disorders (BOX 3). These reasons
make the study of the eCB system a highly fascinating aspect of neuroscience, and the next
decades of research will surely bring new and exciting discoveries and concepts.

Box 1
Enigmatic neuronal CB2R and its role in anxiety

The presence of neuronal cannabinoid receptor type 2 (CB2R) was recently revealed in
several brain structures'36-157_ although the low expression levels and technical aspects
have continuously raised questions about the validity of these results!37-15% Recent
behavioural studies using genetically modified mice and pharmacological tools have
provided evidence that CB2R is involved in several behavioural responses, including
anxiety. Indeed, chronic pharmacological blockade of CB2R produced anxiolytic effects
mediated by an alteration of GABA 4 receptor function!?, Furthermore, transgenic mice
overexpressing the CB2R in CNS neurons showed decreased anxiety-like behaviour and
impaired anxiolytic effects of benzodiazepines!®!. CB2R was shown to be involved in the
anxiolytic-like responses induced by 2-arachidonoyl glycerol (2-AG)%*, and blockade of
CB2R normalized the anxiety-like phenotype of fragile X mental retardation 1 (Fmr1)-
knockout (Fmrl~) mice’*. Despite these accumulating data, the molecular and cellular
mechanisms by which the neuronal CB2R may influence behaviour have remained
enigmatic. In this context, it is important to note that the CB2R is clearly expressed in
brain immune cells (microglia). Thus, an immune cell-neuron interaction might be
accountable for the behavioural phenotypes observed in CB2R-deficient mice, and the
‘enigmatic’ CB2R expression in neurons may not be functionally relevant in anxiety
behaviours. To this end, further investigations using cell-type-specific deletions of the
gene encoding CB2R are required.

Box 2
eCB-based synaptopathies

A major function of the endocannabinoid (eCB) system is its ability to suppress
neurotransmitter release in a retrograde manner (see the figure, part a). Many studies
have investigated whether dysregulation of eCB signalling contributes to synaptopathies.
Stress has a strong effect on eCB system functions. For example, acute stress results in
increased activity of fatty acid amide hydrolase (FAAH) in the basolateral amygdala
(BLA), via a corticotropin-releasing hormone (CRH) receptor type 1 (CRHR1)-mediated
mechanism!%° (see the figure, part b). Increased FAAH activity results in reduced
concentrations of /N-arachidonoylethanolamine (AEA) and thus in increased excitability
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of principal neurons in the BLA because AEA is not available for the retrograde
suppression of glutamate release; eventually leading to increased anxiety-like behaviour.
Chronic stress (see the figure, part C) has recently been shown to cause an impairment of
2-arachidonoyl glycerol (2-AG) synthesis, through collapse of a signalling cascade in
glutamatergic neurons in the BLA, a process involving the activation of a metabotropic
glucocorticoid receptor (mGR), leading to increased activity of protein tyrosine
phosphatase 1B (PTP1B) via decreased palmitoylation and cytoplasmic activity of its
inhibitor, LIM domain only 4 (LMO4; translocation out of dendrite). In consequence,
PTP1B shows enhanced inhibition of metabotropic glutamate receptor 5 (mGluRS; also
known as GRMY) phosphorylation, resulting in decreased diacylglycerol lipase-a
(DAGLa) activity and 2-AG production'®2. Pharmacological inhibition of PTP1B
rescues the insufficient 2-AG production and the anxiety-like phenotype after chronic
stress!92. Likewise, mutations in the gene fragile X mental retardation 1 (FMR]) in the
fragile X syndrome (see the figure, part d) result in an uncoupling of DAGLa from the
mGIluR5-Homer complex!03-165_ This leads to impaired 2-AG production and decreased
retrograde suppression of both GABAergic and glutamatergic transmission, and coincides
with increased anxiety and cognitive impairments’4. AMPAR, AMPA receptor; CBIR,
cannabinoid receptor type 1; CORT, corticosterone; Gq, Gq family G protein; NMDAR,
NMDA receptor.

Box 3
Therapeutic targeting
Stimulation of cannabinoid receptors

Clinical findings suggest a negative correlation between endocannabinoid (eCB) system
activity and anxiety!®0. Cannabinoid receptor type 1 (CBIR) agonists can have
unacceptable side effects’*, whereas increasing eCB levels by inhibiting eCB-degrading

enzymes could be more selective. Enhancement of N-arachidonoylethanolamine (AEA)
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and 2-arachidonoyl glycerol (2-AG) by fatty acid amide hydrolase (FAAH) and
monoacylglycerol lipase (MAGL) blockade, respectively, attenuates anxiety in
rodents®67-167 The anxiolytic effect of AEA depends on CBIR and is associated with
cognitive impairments, whereas the anxiolytic effect of 2-AG is CB2R-dependent and not
associated with cognitive disruption®. However, other studies reported a CBIR
involvement in the 2-AG anxiolytic effect using different behavioural models®> and
animal species®. As these indirect agonists have not yet been approved for use in
humans, the option of direct CB1R stimulation has yet to be explored, whereby CB1R
stimulation with A9—tetrahydr0cannabinol (THC) enhances fear extinction in humans!68,

which warrants further investigation in post-traumatic stress disorders (PTSD)!6%.

Other strategies have been proposed to minimize cannabinoid side effects. Blockade of
the mammalian target of rapamycin (mTOR) pathway prevents THC-induced cognitive
impairment in mice, without modifying its anxiolytic effects!’9. COX2 (also known as
PTGS?2) inhibition increases eCB brain levels!7!, reduces anxiety in rodents!72

blocks THC-induced cognitive impairment! 3. Positive allosteric modulators regulating
174,175

and

orthosteric ligand activity can open new perspectives for reducing side effects
Alternatively, interruption of heterodimers between CB1R and serotonin 5-
hydroxytryptamine receptor 2A (5-HT2AR) using cell-penetrable peptides selectively

abrogates THC-induced memory impairments!7.

Inhibition of cannabinoid receptors

An interesting therapeutic approach has recently been suggested for fragile X syndrome,
which is caused by a mutation in the fragile X mental retardation 1 (FMR/) gene. An
eCB system dysregulation seems to be responsible for the imbalance between excitatory
and inhibitory inputs in the hippocampus, leading to the behavioural fragile X phenotype
of FmrI-knockout (Fmrl~) mice. CBIR blockade normalized the main cognitive and
hippocampal neurological alterations in these mice, whereas CB2R blockade alleviated

their anxiolytic phenotype’*. The use of synthetic!7#175 and endogenous!5%-177 negative
allosteric modulators of cannabinoid receptors is another possible avenue to achieve

better therapeutic effects with reduced side-effects.
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Endocannabinoid (eCB)
A type of lipid signalling molecule derived from arachidonic acid. The eCBs are the

endogenous counterparts of the cannabinoids
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Microglia
Immune cells of the brain that are involved in defence

Anxiety disorders
Mental disorders involving feelings of anxiety and fear, caused by physical or psychological
harm. There are different forms, such as general anxiety disorders and specific phobias

Thigmotaxis
Movement of an organism towards an object (for example, a wall), giving them a sense of

increased safety

Neophobic behaviour
Fear of anything new; unwillingness to try new things and break from routine

Polymorphism
A genetic variant of a gene, with possible emergence of distinct phenotypes

Habituation
A form of learning in which an organism reduces its response to a stimulus after repeated

presentations of the stimulus
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Figure 1. Architecture of eCB system componentsin neurons and glia
In the CNS, endocannabinoid (eCB) system components show a distinct anatomical

distribution. The Gj/,-coupled protein cannabinoid receptor type 1 (CB1R) is typically
present at the presynaptic terminal. Its stimulation by 2-arachidonoyl glycerol (2-AG) or M-
arachidonoylethanolamine (AEA) leads to the suppression of neurotransmitter release from
the presynaptic terminal®14. CBIR is also present in the outer mitochondrial membrane at
both pre-and postsynaptic sites (mitochondrial CBIR (mtCB1R))!46. Stimulation of the
mtCB1R leads to inhibition of mitochondrial oxidative phosphorylation and ATP production
in the mitochondria and can modulate neurotransmitter release through mechanisms that are
still unknown (indicated by the question mark)!46. AEA can also activate the postsynaptic
non-selective cation channel transient receptor potential cation channel subfamily V member
1 (TRPV1)71:72.178.179 ‘Jeading to an increase in postsynaptic current, whereas 2-AG can
also stimulate postsynaptic GABA 4 receptors!8%, On depolarization of the postsynaptic
terminal, for example, by activation of metabotropic receptors (metabotropic glutamate
receptor 1 (mGluR1; also known as GRM1), mGIuRS, muscarinic receptor type 1 (M) or
M,)3:14, 2-AG is postsynaptically synthesized ‘on-demand’ by diacylglycerol lipase-a
(DAGLa) in dendritic spines of excitatory synapses!81-183 2_AG then travels to the
presynaptic CBIR in a retrograde manner to inhibit neurotransmitter release!3418>, thus
acting as a negative-feedback mechanism to tune-down synaptic transmission, especially
when the postsynaptic terminal is strongly activated. The major 2-AG degrading enzyme
monoacylglycerol lipase (MAGL) is located at the presynaptic terminal'8¢ or in
astrocytes'87, whereas a.-B-hydrolase domain 6 (ABHDG6), another 2-AG degrading enzyme,
can limit 2-AG availability at the site of production!88-189 Astrocytic MAGL seems to
enable astrocyte—neuron transcellular shuttling and metabolism of 2-AG and arachidonic
acid!%, Several pathways are involved in AEA synthesis. One of the enzymes involved in
AEA synthesis, N-acyl phosphatidyl ethanolamine-phospholipase D (NAPE-PLD), is
predominantly expressed in the presynaptic terminal!?1-192, although it might also be
synthesized postsynaptically*!. Other AEA-synthesizing enzymes have been described but
are not fully characterized!93:194, The AEA-degrading enzyme fatty acid amide hydrolase
(FAAH) is present at the postsynaptic terminal'8¢. Thus, AEA can act in both an autocrine
and a retrograde manner (an anterograde AEA-signalling mechanism awaits description).
CB2R and possibly CBIR (indicated by a question mark) are also present on microglial cells
and are involved in immune reactions!2. Furthermore, whereas presynaptic CBIR is coupled
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to G,, CB1R on astrocytes is Gq—coupled“’”. Thus, agonist stimulation of the receptor
leads to an increase in intracellular Ca2* concentration, possibly with a concomitant release
stimulation of ‘gliotransmitters’ (whose exact nature is not yet known, indicated by the
question mark), finally modulating synaptic transmission!1-37. ¢CB synthesis in microglia
and astrocytes can be stimulated by the activation of P2X purinoreceptor 7 (P2X7) by
ATP!131,195
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Figure 2. Regulation of synaptic excitatory and inhibitory transmission
a | Schematic representation of endocannabinoid (eCB)-mediated suppression of synaptic

transmission®-14; the mechanisms shown apply to both excitatory and inhibitory synapses. At
excitatory synapses, afferent stimulation evokes increased glutamate release and subsequent
activation of the postsynaptic terminal. This stimulates the synthesis of eCBs (such as N-
arachidonoylethanolamine (AEA) and 2-arachidonoyl glycerol (2-AG)), which travel
through the synaptic cleft to activate presynaptic cannabinoid receptor type 1 (CB1R),
leading to the suppression of glutamate release. eCB-mediated short-term depression (eCB-
STD, also termed depolarization-induced suppression of excitation (DSE)) or eCB-mediated
long-term depression (eCB-LTD) can occur. A similar mechanism occurs at GABAergic
synapses, in which postsynaptic activation by excitatory inputs can stimulate the production
of eCBs, the inhibition of presynaptic CB1R and the retrograde suppression of GABA
release. This form of eCB-STD is termed depolarization-induced suppression of inhibition
(DSI). Both DSE and DSI require the synthesis of 2-AG by diacylglycerol lipase-a
(DAGLa)!84185 AEA can also mediate LTD, although at a slower rate than 2-AG. AEA can
act both through CB1R, to produce eCB-LTD, and through transient receptor potential
cation channel subfamily V member 1 (TRPV1), to generate AEA-TRPV1-LTD (in an
autocrine manner in which AEA activates postsynaptic TRPV1). AEA-TRPV1-LTD can
occur at both glutamatergic and GABAergic synapses!+19-70-72.178,179 b | Schematic
presentation of the modulation of excitatory transmission by the eCB precursor and
degradation product arachidonic acid (AA). Postsynaptic AA acts in a retrograde manner via
inhibition of presynaptic voltage-gated potassium (Kv) channels and potentiation of
excitatory neurotransmission, a process called depolarization-induced potentiation of
excitation (DPE)31. PKA, protein kinase A.
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Figure 3. Heterosynaptic effects and eCB function in the tripartite synapse
a| Schematic representation of homosynaptic and heterosynaptic effects of eCB signalling

on neurotransmitter release. Typically, repetitive afferent stimulation causes glutamate (Glu)
release from excitatory presynaptic sites, activating the postsynaptic terminal and inducing
the generation and release of 2-arachidonoyl glycerol (2-AG), which then activates
cannabinoid receptor type 1 (CB1R) on the same presynaptic terminal (a homosynaptic
effect) and on the nearby synaptic terminal (a heterosynaptic effect). For long-term
depression (LTD) to be produced, concomitant activation of other presynaptic receptors is
required. For example, activation of NMDA receptor (NMDAR), dopamine (DA) receptor
type 2 (D) or muscarinic receptor type 2 (M») by Glu, DA or acetycholine (ACh),
respectively, is required. These associative mechanisms may ensure the selectivity of the
synapses to be regulated by endocannabinoids (eCBs)!4. b | Integration of the eCB system
into the ‘tripartite synapse’ concept and modulation of synaptic transmission. Activation of
CBIR on astrocytes leads to increased intracellular levels of Ca%*, promoting the release of
‘gliotransmitters’ (although this remains subject to debate, as indicated by the question
mark), possibly including Glu. These gliotransmitters could then promote heterosynaptic
excitatory potentiation (e-SP)!33 or time-spiking-dependent LTD (tLTD) of glutamatergic
transmission via presynaptic NMDAR 134, AMPAR, AMPA receptor; mGluR, metabotropic
glutamate receptor.
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Figure 4. Dichotomic CB1R function in glutamater gic and GABAergic neurons
a| A prominent feature of the endocannabinoid (eCB) system in the forebrain is its distinct

distribution in glutamatergic and GABAergic neurons, with low cannabinoid receptor type 1
(CBI1R) expression in glutamatergic neurons and high CB1R expression in GABAergic
neurons %1% This is evident when immunostaining for CB1R of hippocampi in mice with
CBI1R deficiency in glutamatergic (Glu-CB1R-KO; left panel) and GABAergic (GABA-
CB1R-KO; right panel) neurons; in comparison with wild-type controls (WT; middle panel).
b | In principal neurons of the hippocampal CA1 formation, spine density and dendritic
branching are increased in Glu-CB1R-KO mice (left panel) and decreased in GABA-CB1R-
KO mice (right panel), as compared with these neurons in wild-type mice (middle panel)°.
This coincides with increased and decreased hippocampal CA1 long-term potentiation (LTP)
formation, respectively>°. Moreover, the two mutant-mouse lines display opposing
phenotypes in behaviours such as neophobia, exploration, fear relief and habituation. Thus,
CBI1R in cortical glutamatergic and forebrain GABAergic neurons calibrates excitatory
synaptic balance and consequently regulates fear and anxiety-like behaviours. DSE,
depolarization-induced suppression of excitation; DSI, depolarization-induced suppression
of inhibition. Part a adapted with permission from REF. 196, Copyright ©1999-2015 John
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Wiley & Sons, Inc. All Rights Reserved. Part b adapted with permission from REF. 56, the
Society for Neuroscience.
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