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Abstract

Many mammalian species, including humans, exhibit social behavior and form complex social
groups. Mechanistic studies in animal models have revealed important roles for the
endocannabinoid signaling system—consisting of G protein-coupled cannabinoid receptors and
their endogenous lipid-derived agonists—in the control of neural processes that underpin social
anxiety and social reward, two key aspects of social behavior. An emergent insight from these
studies is that endocannabinoid signaling in specific circuits of the brain is context-dependent and
selectively recruited. These insights open new vistas on the neural basis of social behavior and
social impairment.
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Introduction

Archeological and paleobotanical findings date the first human encounters with the cannabis
plant to the early Holocene, approximately 11,000 years before present [1], when human
groups living across the Eurasian continent exploited it as a source of fiber (stalks) and food
(seeds), but also for the unique properties of its female flowering tops [2,3]. Eating these
resin-rich flowers or inhaling their smoke produces a combination of euphoria, calmness,
heightened sensation, and altered time perception [4], along with a series of medicinal
effects that include stimulation of appetite and relief of pain, nausea, and spasticity [5].
Though varied, these effects are due in large part to a single chemical constituent found in
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the cannabis resin, the dibenzopyran derivative A%-tetrahydrocannabinol (THC), which binds
to selective cell-surface receptors present in regions of the brain involved in the control of
cognition, mood, and pain (for an overview of the endocannabinoid system, see Box 1). It is
likely that early human users interpreted cannabis’ complex actions within a spiritual, rather
than purely medical or recreational, frame of reference [2,3]. A survey of the ethnographic
literature bears out this idea, showing that the earliest documented uses of cannabis were
intimately woven into religious ritual [2]. Notably, traditional societies ranging from the
Saka (Scythians) in the Eurasian steppe [6,7] to the Hindus of the Himalayan mountains [8]
employed cannabis ritualistically in funerals, weddings, and holy festivals — ceremonial
activities whose main objectives include the heightening of spiritual connectedness and
social bonding [9]. The millenary use of cannabis in ritual practices with deep social
meaning raises the possibility that THC may influence, possibly through modulation of
endocannabinoid signals, the activity of neurotransmitters [10] and neural networks [11]
devoted to the regulation of sociality (for an overview of the field of social neuroscience, see
Box 2).

In the present review, we will first describe studies of the effects of cannabis on human
social behavior. These studies suggest that cannabis may temper social anxiety and enhance
feelings of connectedness, but depending on dose and context may also increase aggression
and isolation. To shed light on the underlying mechanisms of these discrepant actions, we
will describe animal experiments that contrast the effects produced by direct activation of
cannabinoid receptors versus those caused by enhancement of endocannabinoid signaling.
We will briefly highlight the contribution of the endocannabinoid system to social anxiety
and social reward, and then describe lines of work showing endocannabinoid abnormalities
in translational models of social impairment, such as those related to schizophrenia, autism
spectrum disorder (ASD) and developmental cannabinoid exposure. Lastly, we will consider
how these lines of evidence collectively suggest that endocannabinoids control specific
circuits of the social brain, with potentially important clinical implications.

Effects of cannabis on human social behavior

The first systematic investigations of the effects of cannabis on human social behavior were
conducted in the 1970’s, in the wake of the counterculture movement that had brought the
drug back into the limelight [12]. In a psychometric survey of 153 college students who
were experienced cannabis users, more than 70 percent of respondents said that intoxication
made them want to interact more with others, perceiving what they described as ‘a much
greater sense of unity’, or ‘real social relationship’ [13]. More than 80 percent reported that
cannabis use made them feel a greater degree of empathy toward others [13]. Box 3 provides
a few examples of these subjective reports. Confirming these results, another study on
healthy cannabis smokers in a controlled hospital setting found the participants to be more
interactive, communicative, comfortable, and open toward one another, compared to non-
smokers [14].

Users in these studies also reported that consuming cannabis made them more socially
intuitive, but at the same time less able to play social games, implying that the drug might
hinder skills that are required in such games [13]. Further studies in controlled small-group
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settings aimed to characterize the emotional and cognitive aspects of cannabis use. In one
study, where each participant’s own room was delineated from a common area, cannabis use
changed the distribution of social activities by decreasing time spent in verbal exchanges
while increasing time spent in coactation, i.e. engaging in a shared activity such as playing a
game [15,16]. In another study, small groups were subjected to a frustration stimulus to
determine the effects of cannabis on within-group hostility. Each group was asked to agree
on the interpretation of a short story, but was subsequently told that the interpretation was
inadequate. Members of the placebo group were more hostile toward one another, which
slowed task completion, whereas members of the cannabis group were less hostile and more
cooperative [17]. Interestingly, the authors note that cannabis may have been emotionally
disinhibitory, such that users were more willing to express their feelings. In line with the
notion that cannabis suppresses hostility, a number of functional magnetic resonance
imaging (fMRI) studies have found that THC use is associated with a reduction in amygdala
reactivity in response to threat signals [18-20]. Perhaps distinctly from the cannabis studies
described above, these changes in brain activity may have more to do with the perception
rather than the expression of threat, and may alter amygdala-prefrontal connectivity with
implications for overall socio-emotional network function [20].

Additional studies have examined conversation, another proxy measurement of being social.
Acute or chronic cannabis use was found to have either no effect or decrease conversation,
whereas psychostimulants such as amphetamines typically stimulated it [21-23]. As the
authors pointed out, however, a lower tendency to engage in conversation may reflect either
a negative subjective state and interaction avoidance or, alternatively, a positive subjective
state of intuition, connectedness, and relaxation so that the need for speech is minimized.
The latter possibility would be in line with some of the subjective feelings reported by
cannabis users (Box 3, [13,17]).

While the work outlined above does not clearly delineate what aspects of social interactions
may be affected by cannabis, and may not be robust [24], it suggests nevertheless that
cannabis may strongly influence social interactions. Such influence could involve a range of
possibly dissociable effects on the subjective emotions (e.g., empathy, calmness,
disinhibition) and required skills (e.g., coactation, conversation) that contribute to sociality.

Cannabinoid receptors

The brain distribution of molecular components of the endocannabinoid system is consistent
with a role in social behavior. CB; cannabinoid receptors are highly expressed in
associational regions of the frontal cortex and in subcortical structures that underpin human
social-emotional functioning [11,25,26]. They are also present throughout regions
implicated in the rewarding properties of natural and drug-related stimuli, including the
central and basolateral amygdala, prefrontal cortex, hippocampus, dorsolateral striatum,
ventral tegmental area, and, to a lesser extent, the nucleus accumbens [25,27]. Human
positron emission tomography (PET) imaging studies have revealed alterations in the
distribution of CBj receptors in, for example, schizophrenia and addiction [28,29]. These
regions are considered key parts of the ‘social brain,” based on imaging and network studies
(Box 2). The regional distribution of the enzymes involved in the generation and degradation
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of endocannabinoid transmitters is somewhat similar to the picture of CB4 receptors
depicted here [27,30,31], although not necessarily duly reflective of endocannabinoid
signaling [32].

Consistent with cannabis decreasing hostility in humans [17], THC was found to decrease
agonistic acts in multiple mammalian species—mice, rats, and squirrel monkeys—
undergoing intruder confrontation [33]. Mutant mice lacking CB; exhibit more behaviors
involving offensive aggression, as well as active and passive defensive coping behaviors,
such as avoidance, freezing, and risk-assessment behaviors, suggesting CB; receptors play a
role in buffering against social stress [34,35]. This stress-modulating effect translates to
control of overall time spent in direct interaction with novel conspecifics, possibly in a sex-
dependent manner [36,37].

The effect on aggression appears to be complex, however, as THC may also increase
defensive posturing [38], while synthetic cannabinoid agonists may enhance aggression
under certain stressful conditions, as well as flight acts [39]. Moreover, cannabinoid agonists
reduce interaction time in the direct social interaction test, where a novel encounter in an
unfamiliar environment is considered stressful [40].

That cannabis and synthetic cannabinoid agonists can either mitigate aggression (leading to
more interaction) or increase anxiety (leading to withdrawal) may reflect the biphasic nature
of much of cannabinoid pharmacology [41,42]. Different cannabinoid doses under different
environmental conditions, especially those with stress versus those without stress, could
activate distinct patterns of endocannabinoid signaling, thereby resulting in contrasting
behavioral outputs. Mutant mice lacking CB1 exhibit less direct social interactions in an
unfamiliar environment, but not in a home-cage environment, suggesting that the receptor
may have a more prominent role in stress reduction under adverse conditions [36,43].
Consistent with the idea of context-specific signaling effects, regional CB; overexpression in
the medial prefrontal cortex reduced interactions and increased withdrawal [44].

In sum, available evidence from animal experiments suggests that CB; receptors are
important contributors to the regulation of social behavior. This conclusion is supported by
emerging translational data: a polymorphism in the CB receptor gene has been found to
modulate social gaze in humans [45]. Moreover, the evidence recognizes that cannabinoid
effects are multimodal and context-dependent. For example, a mandatory state of anxiety
during a novel encounter, particularly in an unfamiliar setting, may call for a different
pattern of endocannabinoid response versus a recognizable re-encounter in familiar
surroundings. This context specificity highlights questions regarding the distinctive qualities
of social behavior and circuit patterns regulated by endocannabinoid signaling.

Endocannabinoids

Moving our analysis from cannabinoid receptors to their endogenous ligands—anandamide
and 2-arachidonoyl-sr-glycerol (2-AG)—provides a window into these questions. In rats, a
novel encounter elevates anandamide levels in the striatum, compared to encounters with

familiar or non-social animals [46]. Mutant mice in which genetic removal of the hydrolytic
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enzyme fatty acid amide hydrolase (FAAH) caused elevated levels of anandamide exhibit
increased direct social interactions [47]. A plausible interpretation of these findings is that
anandamide participates in the regulation of social behavior, and may dampen the social
anxiety involved in these tests [48]. Trezza and colleagues further qualified the type of social
behavior influenced by anandamide by examining ‘rough-and-tumble’ social play in juvenile
rats, including pouncing and pinning behaviors. These authors found that play is associated
with increased anandamide mobilization in the nucleus accumbens and amygdala [49].
Moreover, microinjection of the FAAH inhibitor URB597, which stops anandamide
degradation and increases its levels [50], into either of these two brain regions, enhanced
social play [49,51]. Endocannabinoid effects on social play may also be extended to 2-AG
signaling, and may interact with opioid or dopaminergic signaling in the nucleus accumbens
[52,53]. These results with an anandamide-potentiating agent stand in sharp contrast to those
obtained using a direct-acting cannabinoid receptor agonist, which decreased social play
[51] and other forms of direct interactions (as reviewed in the previous section).

Contextual factors may again be key determinants in the circuit role of anandamide-
mediated endocannabinoid signaling. In aggressive mice, exogenously administered low-
dose anandamide (0.01 or 0.1 mg-kg™1) does not significantly affect agonistic behavior,
whereas a higher dose (10 mg-kg™1) decreases it; in timid mice, low-dose anandamide
stimulates agonistic behavior, whereas high-dose anandamide decreases social interactions
without affecting agonistic behavior [41]. In the social play model, adolescent rats respond
to the FAAH inhibitor URB597 with increased play behavior in conditions of both low
adverseness (familiar arena, low light) and high adverseness (unfamiliar, high light),
whereas adult rats only respond in conditions of high adverseness [54].

Due to the roles of endocannabinoid signaling in the reinforcement of natural stimuli and
neurotransmission in the nucleus accumbens, we hypothesized that it may play a role in the
regulation of social reward, distinct from modulation of stress, that may also contribute to
effects on direct interaction time (as described above). Because of the context-dependent
recruitment of endocannabinoid signaling, it is crucial to clearly distinguish between the
signaling of social stress versus that of social reward. To this end, in a recent study we used a
model of socially conditioned place preference as a proxy for social reward [55] and
selectively activated the oxytocin system, which is crucial in social bonding (Box 1). Using
young cage-mate mice, we found that a relatively brief social contact (3 h) or selective
chemogenetic activation of oxytocin neurons in the paraventricular nucleus of the
hypothalamus stimulated anandamide mobilization in the nucleus accumbens [56] — a
projection target for oxytocin neurons [55]. Oxytocin-driven anandamide signaling tightly
regulates nucleus accumbens activity in its shell region (as measured using the cellular
marker cFos) as well as social place preference [56]. 2-AG levels were not affected by either
intervention [56]. Enhancement of anandamide activity, insofar as under the context
modeled by conditioned place preference, was selective for social as opposed to high-fat-
food or cocaine reward [56]. Anandamide enhancement was also selective for social- but not
isolation-conditioned place preference, and had no effect on social approach [56]. These
results suggest that oxytocin neurons projecting from the paraventricular nucleus to the
nucleus accumbens recruit anandamide signaling, thereby encoding a circuit mechanism that
influences social reward independently of stress and other natural rewards (Fig. 1).
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Does 2-AG also contribute to the regulation of social reward? Because the distribution
pattern of biosynthetic and hydrolytic 2-AG enzymes varies from that of anandamide in
reward pathways [27], and because of the circumstantial fact that 2-AG levels in the brain
are roughly 200-fold greater than anandamide’s [32], determining how 2-AG differs from
anandamide in influencing social behavior would offer valuable insights into mechanisms of
differential recruitment and context dependence. To address this question, we used a
transgenic mouse model with a specific forebrain reduction in 2-AG (produced by
overexpression of the 2-AG- hydrolyzing enzyme, monoacylglycerol lipase [57]). We found
that these transgenic mice show impaired conditioned place preference to both social and
high-fat-food stimuli [58]. The non-selectivity of this effect stands in contrast to the results
obtained with the anandamide-modulating manipulations described above, which selectively
heighten social over high-fat-food reward [56]. Also in contrast to social contact at 3 h,
prolonged social contact for 6 h was found to stimulate 2-AG mobilization without changing
levels of anandamide [58]. These results argue in favor of a role for 2-AG in social reward,
which may be more generalizable to other natural rewards. The collective evidence outlined
thus far offers an important thematic insight: different external conditions may selectively
initiate distinct patterns of endocannabinoid signaling in the brain. For example, global
cannabinoid receptor activation may variably affect social interactions (e.g., suppress versus
incite aggression) depending on conditions such as the state of stress, whereas selective
enhancement of anandamide signaling may be largely prosocial. The anxiety associated with
a novel encounter between unfamiliar adults may recruit anandamide in stress-related
pathways, whereas increased social drive between familiar juveniles may recruit anandamide
in reward-related pathways. Therefore, different neural circuits likely recruit specific
endocannabinoid signals to reflect states of social-information processing which are
qualitatively distinct. This hypothesis is further supported by two pieces of available
evidence. First, familiar and unfamiliar encounters elevate anandamide to different levels in
the striatum [46], and, similarly, social contact and isolation lead to qualitatively distinct
regional patterns of changes in levels of endocannabinoids, i.e. not only opposite in
directionality [58]. Second, a key distinction can be made between socially specific
anandamide signaling, which is driven by oxytocin circuitry [56], and non-socially specific
2-AG signaling, which is not driven by oxytocin, and may also be involved in fatty-food
reward [58]. Given the functional and temporal dichotomy between anandamide and 2-AG,
it bears speculation that these transmitters work in concert to assign reward value to various
stimuli, with anandamide primarily involved in proximal reinforcement processes and 2-AG
in the consolidation of such processes.

Endocannabinoid signaling in social impairment

As endocannabinoids are key modulators of neural plasticity [59,60] and brain development
[61], a variety of pathologies are thought to involve dysregulation of their signaling
functions. Recently expanded lines of work have documented the occurrence of impaired
endocannabinoid signaling in translational animal models of neuropsychiatric pathology
where social impairment is a core feature — including schizophrenia, ASD and
developmental cannabinoid exposure.
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Persons with schizophrenia exhibit characteristic social withdrawal involving social
anhedonia, amotivation, and acognition [4]. Cannabis smoking has been associated with an
increased risk of developing psychosis, but whether this may be due to interference with
endocannabinoid signaling remains controversial [62]. Seillier and colleagues investigated
the model of chronic phencyclidine treatment, which in rats produces a schizophrenia-like
phenotype, including reduced social interactions such as sniffing frequency/time and
climbing episodes. Chronic phencyclidine treatment decreased levels of anandamide in the
medial prefrontal cortex and amygdala, while increasing anandamide in the nucleus
accumbens [63]. The FAAH inhibitor URB597 reversed the phencyclidine-induced social
deficit, while also reducing interactions in saline-treated control rats [63,64]. Like URB597,
self-administration of the cannabinoid agonist WIN55,212-2 has been reported to ameliorate
phencyclidine-induced social withdrawal [65]. Decreased social interactions in
phencyclidine-treated rats is mimicked by the CB; inverse agonist AM251, and both effects
are blocked by an antagonist of the cholecystokinin CCK2 receptor, whose activation has
anxiogenic effects [63]. URB597 also restores phencyclidine-induced changes in prefrontal
and amygdala activity (as measured using cFos) [66]. This set of data suggests that
anandamide-CB1 signaling normally suppresses CCK-mediated anxiogenesis to engage
social interactions, a regulation that appears to be disrupted after chronic phencyclidine
treatment. It has been hypothesized that schizophrenia may be related to chronic THC
treatment, which possibly disrupts cannabinoid receptor-mediated cortical inhibition of
GABAergic CCK interneurons in the prefrontal cortex [67]. It remains to be determined how
such CCK-mediated anxiogenesis would relate to the ego-syntonic social withdrawal or the
socio-cognitive disabilities that are characteristic of schizophrenia [4].

Impairments in endocannabinoid signaling are seen as a consequence of abnormalities in
synaptic maintenance and transmission associated with ASD, including neuroligins [68] as
well as Fragile X mental retardation protein (FMRP) and metabotropic glutamate receptor-5
(mGIuR5) [69]. ASD-related pathological insults such as valproic acid also disturb resting
endocannabinoid levels and endocannabinoid system components [70]. To address whether
endocannabinoid changes are only coincident with or rather directly responsible for social
impairment, we focused on the role of anandamide in models of ASD-related social
impairment — the BTBR and #mrZ™~ mice, using the three-chambered social approach test
[71]. As proof of concept, we administered the FAAH inhibitor URB597 to upregulate
anandamide and found that this intervention completely restored social approach, in a CBq
receptor-dependent manner, in both mouse models. In contrast to studies done in rats [63],
URB597 failed to alter the social approach of control, socially normal mice. URB597 also
had no effect in the elevated plus-maze test—which assesses anxiety-like states—when
administered in the low-light (less adverse) conditions used in the social approach test [71].
These results provide evidence for a direct role of anandamide signaling in ASD-related
social impairment. Recent reports have confirmed the corrective, prosocial effect of FAAH
inhibition across a range of studied ASD-related insults, such as in developmental exposure
to valproic acid [72] and lipopolysaccharide [73]. Inappropriate developmental exposure to
cannabinoid agents, on the other hand, can also disrupt the later expression of social
behavior. Cannabis use in early adolescents was found to correlate with hypersensitivity to
signals of threat (angry as compared to neutral faces) and higher levels of fMRI activity in
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the amygdala [74]. The persistence of the effect of developmental cannabinoid exposure into
adulthood can be striking. Treatment with the cannabinoid agonist, WIN 55,212-2 (1.2
mg/kg) over 25 days in adolescent rats, followed by a 2-week washout, led to a persistent
reduction in social interactions [75,76]. Similar protocols have replicated the effect, which is
absent or less pronounced on adult administration [77-79]. Furthermore, the deficit profile
appears to be sexually dimorphic, as THC induces a more complex emotional profile in
female rats, including depression-like behavior, than it does in males [80,81]. Altered
glutamatergic transmission in the prefrontal cortex may contribute to these changes [82].
Potentially confounding this effect could be concomitant deficits in measures of cognition
such as social recognition and object recognition, as well as measures of emotional reactivity
[77-79]. In addition, abnormalities in hippocampal neurogenesis [81] and the oxytocin
system [83], offer the possibility of remote downstream impacts in development. These
concomitant effects raise the question of whether inappropriate CB; activation during
development—i.e. by exogenous cannabinoids—might produce a generalized impairment
that overlaps with social behavior or rather interferes directly with the developmental
function of endocannabinoid signaling. Several results argue in favor of endocannabinoid-
mediated changes that are more proximal. First, the deficits, including social, are rescuable
via FAAH inhibition [81]. Second, the expression of CB; receptors in the prefrontal cortex
and striatum peaks during adolescence and decreases into adulthood — a pattern that suggests
a physiological role in development [84]. Third, a mutagenesis-induced functional increase
in CB receptor activity in the striatum prolongs the characteristically adolescent behavioral
repertoire, including increased impulsivity and social play, into age normally classified as
adulthood where these behaviors are absent [85]. These results suggest that endocannabinoid
signaling could have a direct mediatory role in the social transition between adolescence and
adulthood — a compelling hypothesis that requires more granular elaboration. These three
lines of investigation—covering schizophrenia, ASD, and developmental cannabinoid
overexposure—indicate that properly tuned endocannabinoid signaling is required for
normal social interactions.

Concluding remarks

A growing body of studies support a distinct role for endocannabinoid signaling in the
control of social behavior. Cannabis and synthetic cannabinoid receptor agonists may have
varied effects, particularly under certain conditions to reduce hostility and threat perception,
or during critical developmental windows to potentially effect persistent dysfunction. In
contrast, anandamide-mediated signaling appears to act more selectively in reducing social
anxiety and enhancing social reward. Based on translational evidence, these actions of
anandamide are postulated to be important in social impairment related to (/) schizophrenia,
in which tempering social anxiety might be dysfunctional, as well as in (/) ASD, where a
primary deficit may be in nucleus accumbens-regulated social reward. fMRI studies in
humans supports these possible roles of anandamide, as a single nucleotide polymorphism
(C385A) in the human FAAH gene is associated with decreased threat-related amygdala
reactivity and increased reward-related ventral striatal reactivity [86]. In contrast to the
specificity demonstrated by anandamide, the actions of 2-AG appear to be more
generalizable to other natural rewards. These ongoing developments inform the promising

Trends Neurosci. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wei et al.

Page 9

but limited research into cannabinoid-based pharmacotherapies for neuropsychiatric
conditions (see [62] for review) at a time when the legal status and public perception of
cannabis are dramatically changing.

The difference between global cannabinoid receptor activation and selective
endocannabinoid enhancement may be rooted in the selectivity of recruiting circuit
projections, such as those of the oxytocin system (Fig. 1). Endocannabinoid signaling in
processes specific to social behavior might thus be mechanistically distinguished from
endocannabinoid signaling in processes that overlap with the social sphere (e.g. non-social
anxiety or reward). This hypothesis addresses a core question in social neuroscience —
whether a distinction can be made between social and non-social signaling [11]. The
hypothesis also opens several directions for future investigations, which will be crucial to
define the circuits of normal social-information processing and fluent social behavior (see
Outstanding Questions). Such investigations will help us understand the contributory social
factors and the social-impairment consequences of neuropsychiatric-disease states, such as
schizophrenia, ASD, and drug addiction. They are also likely to provide mechanistic insights
into the therapeutic actions of social bonding on mental and physical health, a key finding of
social neuroscience.
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Endocannabinoid system

a lipid-derived neurotransmitter system consisting of cannabinoid receptors,
endocannabinoid signaling messengers, and regulatory biosynthetic and degradative
enzymes

Social anxiety
fear of an unfamiliar conspecific, which may result in avoidance behavior

Social reward
pleasure and incentive salience of a social stimulus, which may induce appetitive and
consummatory behavior

Autism spectrum disorder (ASD)
a set of disorders syndromically characterized by (/) deficient social reciprocity and
communication and (/) unusual, restricted, and repetitive behaviors

Schizophrenia
a mental disorder characterized by persistent cognitive impairment, psychosis, and social
anhedonia and withdrawal
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Trends

The crucial adaptive value of sociality is represented across evolutionary time. Modern
techniques have been recently used to identify the neural circuits processing social
information and regulating social behavior. The oxytocin system is now recognized as
central to such socially specific signaling.

The Cannabis sativa plant has long been exploited to facilitate social bonding, and
experimental studies have explored its psychotropic effects on human social behavior.
Since the identification of the endocannabinoid signaling system, animal studies targeting
cannabinoid receptors and transmitters (anandamide and 2-AG) have found regulatory
effects, particularly in social anxiety and social reward, as well as endocannabinoid
dysregulation in social impairment related to neuropsychiatric conditions.

These endocannabinoid effects are multimodal and context-dependent. Newly identified
oxytocin-driven endocannabinoid signaling potentially represents a circuit-based
mechanism through which selective recruitment of endocannabinoid signaling can occur,
and may underlie the differential actions of anandamide and 2-AG.

Trends Neurosci. Author manuscript; available in PMC 2018 July 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wei et al.

Page 18

Outstanding Questions

How do patterns of endocannabinoid signaling differ in distinct social states, such as
engagement, ongoing interactions, acute isolation, and prolonged isolation? The evidence
as outlined and recent studies [119] suggest that chemical, temporal, and spatial
specifications collectively distinguish neural representations of these states. Our own
results raise the immediate question of how 2-AG is recruited and whether it cooperates
with or acts independently of anandamide.

Does socially activated oxytocin signaling drive core endocannabinoid functions, such as
in modulating inflammation, pain, feeding, and stress? Conversely, does endocannabinoid
signaling mediate canonical actions of oxytocin, such as in maternal attachment and
social recognition? There is support for these possibilities [83,139—-144]. Our data
suggest that more widespread oxytocin-driven endocannabinoid signaling is possible, for
example in the hippocampus [56,58].

How does socially recruited, oxytocin-driven anandamide signaling interact with the
reward signaling of drugs of abuse? It is possible that they might synergize with each
other in certain cases while substituting for one another in others. A furthermore distinct
instantiation could be a role for socially recruited endocannabinoid signaling in
protectiveness/susceptibility of social support/isolation for addiction.

How does social stress distinctly activate endocannabinoid signaling relative to other
forms of stress? Furthermore, what determines the response of an animal to social stress
in the form of withdrawal versus that of aggression? While this review focused on the
role of endocannabinoid signaling on the regulation of social behavior, there is also a line
of evidence suggesting that social stress might activate endocannabinoid signaling
[18,145-148]. Again, in order to identify underlying neural representations, it becomes
important to distinguish between social states that might appear similar prima facie, such
as social defeat [146], chronic isolation [147], and isolation from weaning [148].

Is there a role for endocannabinoid signaling in the development of the social brain, and
how does exogenous cannabinoid exposure in development affect these functions? One
possibility is that exogenous overactivation of cannabinoid receptors inappropriately
tunes responses to early social experiences, such that later expression becomes
exaggerated or attenuated. Another possibility is that exogenous cannabinoids interfere
with key developmental roles of endocannabinoid signaling, such as in the transition
between adolescence and adulthood.
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Box 1
The endocannabinoid system

The main active constituent of cannabis, A%-tetrahydrocannabinol (THC), causes a mental
state described as a combination of enhanced sociability, quickened mental associations,
increased appetite for sweet and fatty foods, alterations in the perception of time and
space, and heightened sensitivity to certain sensory stimuli (e.g., sounds or colors)
[62,87]. Research over the past 30 years, since the initial discovery of cannabinoid
receptors and isolation of endogenous cannabinoids (‘endocannabinoids’) [88-92], has
established that endocannabinoid signaling plays important functional roles in the brain,
which are related to the pharmacological effects of THC. Endocannabinoid signaling
regulates circuits in the central nervous system important for stress reactivity [50],
analgesia [93], and the development of reward to natural and drug stimuli [27,94].

The endocannabinoid system consists of lipid-derived messengers that act on G protein-
coupled cannabinoid receptors. The CB; receptor is the most abundant G protein-coupled
receptor found in the brain, while the CB, receptor is relatively sparse in this organ and is
more abundant in immune cells such as microglia [95]. Endocannabinoid transmitters
possess a unique set of properties: (/) they act as retrograde synaptic signals or local
modulators to control presynaptic firing (CB1 receptors are localized presynaptically on
both excitatory and inhibitory neurons); of note, 2-AG may primarily serve as a point-to-
point retrograde signal, whereas anandamide may act as a local modulator [60]; (//) as
lipid mediators, the endocannabinoids are not stored in vesicles but are instead
‘demobilized” (sequestered) in phospholipid membranes under baseline conditions to
become ‘mobilized’ on demand during signaling activity [32]; (///) while anandamide and
2-AG may work in a concerted manner, their signaling patterns are often distinct [27,93].
These properties are partially rooted in selective coupling of afferent transmitter-receptor
machinery to synthetic enzymes for biochemical mobilization. For example, 2-AG is
recruited by type-1 metabotropic glutamate receptors [96], type 1/3 muscarinic
acetylcholine receptors [97], and type-1 orexin receptors [98]. 2-AG is produced via the
hydrolysis of 1,2-diacylglycerol by diacylglycerol lipase-a (DGL-a) [96], which is
coupled in a supramolecular ‘signalosome’ complex with Homer-1a and Fragile x Mental
Retardation Protein (FMRP) [69]. 2-AG degradation is mediated by the serine
hydrolases, monoacylglycerol lipase (MGL) and a—B domain hydrolase-6 (ABHD-6).
The stimuli responsible for anandamide mobilization are less well understood, but appear
to be distinct from those involved in the recruitment of 2-AG. D,-type dopamine
receptors in the dorsal striatum have been shown to stimulate anandamide formation [99].
The canonical route for the synthesis of anandamide is thought to involve a
phospholipase D that releases anandamide by hydrolysis of the phospholipid precursor
N-arachidonoyl-phosphatidylethanolamine (A-arachidonoyl-PE). Anandamide is mainly
degraded via carrier-mediated transport followed by intracellular hydrolysis, catalyzed by
fatty acid amide hydrolase (FAAH).
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Box 2
Social neuroscience

Social behavior is a hallmark of many phylogenetically diverse animal species [100—
102]. While animals with simple nervous systems demonstrate behaviors such as
courtship, mating, parenting, and aggression [101,102], increasing neural complexity
adds a greater endowment of complex social behaviors, including alliance formation,
cooperative hunting, empathy and altruism [103-105]. The emerging field of social
neuroscience aims to understand the neural basis of social behavior — from social-
information detection and processing to integration and regulation. Here, we highlight
three conceptually important findings of social neuroscience:

i The adaptive value of sociality. Social behaviors are ubiquitous because they
offer distinct evolutionary advantages [106,107]. Social support is protective
while social isolation increases susceptibility to mental and physical illness
[108-110]. Furthermore, social impairment is a central component in the
psychopathology of many psychiatric disorders [4,111] and the dysphoria that
accompanies them [112,113].

ii. The existence of a social-brain network. Neuroimaging and cognitive-
neuroscience experiments have identified networks that specifically process
social information [11,114-118]. Molecular and optogenetic studies have
found distinct circuit activity encoding representations of social states and
dynamics [119-123].

iii.  The specificity and importance of oxytocin for social circuitry and
behavior. Hypothalamic neurons that release the neuropeptide oxytocin
respond selectively to social information, and oxytocin plays a central role in
the regulation of social behaviors, such as maternal care, attachment, and
social memory [55,114,124-128]. Importantly, specific neural circuitry likely
mediate these effects [55,127,129-131]. Studies have validated the prosocial
effects of oxytocin in humans [132-134] and elaborated its role in more
complex, human-level behaviors such as trust and empathy [135,136].
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Box 3

Effects of cannabis on subjective feeling about sociality

We transcribe here a few anecdotal reports on how cannabis affects subjective feelings
regarding social relationships, connectedness, and anxiety.

“[Cannabis] was the unifying factor because [it] makes you aware of the better
sides of people and, when you get high, each person himself looks like a
universe and you have something to gain from the interaction.” [14]

“...a lot of them [cannabis users] say that they... are not very open with each
other. The guys aren’t open with each other and they... don’t know much about
each other but when they’re high a lot of their inhibitions are gone...” [137]

“I currently smoke a small amount of weed every morning before going to work
and it really helps increase my ability to focus and concentrate as well as
overcome some of my social interaction issues. However the key here is small
amount.” [138]

“I’ve come to realize that | always face some degree of anxiety in social
situations. Even when I’m with friends, I always think, ‘what should | say?”’
when it gets quiet. What has helped me realize this is medicinal marijuana.
When | use [it] I have no problem with socializing, | feel no anxiety; in fact, |
actually seek it out. Socializing while high is as easy as sitting in a chair for
me... it’s as if | understand life... my anxiety vanishes and my mind races... |
have no problems keeping a convo going or even approaching total strangers
with total confidence. It’s literally like | took the drug from the movie
‘Limitless’.” [138]
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Figure 1.
Hypothesized model for oxytocin-driven endocannabinoid signaling. Social contact activates

a population of oxytocin neurons that are located in the paraventricular nucleus (PVN) of the
hypothalamus and project to the nucleus accumbens (NAc) to drive endocannabinoid-
mediated plasticity. Based on data in [55,56].
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