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Abstract

Chronic pain poses a complex, widespread problem that remains inadequately resolved by pain medication. Similarly, depression and addiction exist along a spectrum
of reward related mood disorders that pose an ever-increasing burden on healthcare services. There is a need for a greater range of drugs to tackle these diverse health
conditions and cannabinoid biology offers a unifying line of research that could invigorate the approach to treatment. Cannabinoids are known contributors to the
physiological basis and emotional perception of pain, pleasure, and the placebo effect via activation of cannabinoid type 1 receptors widely expressed throughout
the central nervous system. Endogenous cannabinoids - arachidonic acid derivatives synthesised on demand - are the primary contributors, but the system is also
susceptible to synthetic cannabinoids and plant-derived phytocannabinoids. Targeting the endocannabinoid system pharmacologically has yielded few licenced drugs
and with limited applications. The failure to provide a greater range of drugs stems partly from the limited understanding of endogenous cannabinoid biology. This
review will critically evaluate current evidence of how cannabinoids influence pain, hedonic reward processing, and the placebo effect. Crucially, the endocannabinoid
system must not be considered in isolation, but in the context of opioid and dopaminergic neural circuitry. As such, the most exciting pharmacological opportunities

could lie as adjuncts to pre-existing drugs.

Introduction

Pain is the negative sensory and affective response to noxious or
potentially harmful stimuli relayed to the brain. By contrast, pleasure
is what drives reward seeking behaviour. Although pain and pleasure
are contrasting emotional states, they share neurobiological pathways
and strongly influence each other: pleasure increases our ability to
tolerate pain, and pain lowers our capacity to experience pleasure [1].
Moreover, by hijacking their common neural networks, the placebo
effect powerfully modulates how we perceive both pleasure and pain

[2].

The endogenous opioid system is thought to play a central role in
the pain, pleasure, placebo overlap [1], but evidence presented in this
review suggests that cannabinoids are equally important mediators
and offer a host of attractive therapeutic opportunities as wide
ranging as anxiety and addiction. The existence of cannabinoids has
been known for millennia [3], with particular interest surrounding
A-9-tetrahydrocannabinol (THC), the active ingredient of cannabis.
However, only recently has the widespread significance of cannabinoid
biology in neurological function and its potential in contemporary
medicine been explored. At a time when the legalisation of cannabis
and its derivatives is increasingly debated and accepted, it is more
important than ever to understand the benefits and potential harms
presented by both endogenous and exogenous cannabinoids. This
brief review will focus on how cannabinoid biology associates with
fundamental pain and reward neural circuitry and consider the
potential impact of further discoveries in the field.

Overview of cannabinoid biology

The endocannabinoid system (ECS) outlined in Figure 1 is a highly
conserved network known to modulate a wide range of physiological
processes including nociception, metabolism, and immune function
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[4-7]. Interest in the cannabinoids originally stemmed from the
psychoactive effects of THC. Although THC was first isolated in 1964
[3], it took a further 24 years to discover its endogenous receptor [8].
There are now two known G-protein coupled cannabinoid receptors:
cannabinoid receptor type 1 (CB)) predominantly expressed in
the brain and on peripheral neurons, and cannabinoid receptor
type 2 (CB,), expressed throughout the immune system with a
functional significance that is still under active investigation. The
endogenous ligands anandamide and 2-arachidonoylglycerol (2-
AG) are synthesised de-novo from lipid precursors and have short
half-lives due to rapid degradation by fatty acid amide hydrolase
(FAAH) and monoacylglycerol lipase (MAGL) respectively [9]. Both
endocannabinoids are agonists at CB, and CB,, signalling via mitogen-
activated protein kinases (MAPK) and inhibition of adenylyl cyclase to
lower intracellular cAMP concentrations, as summarised in Figure 1.
The generation of CB, and CB, inverse agonists, FAAH and MAGL
inhibitors, and synthetic CB, and CB, agonists has provided tools to
study the importance of the ECS in the pain, pleasure, and placebo axis.

No pain, no gain

Ultimately, pain, pleasure, and placebo are all multifaceted and
subjective experiences, heavily influenced by the patient’s affective
state. It follows that pain could be alleviated by manipulating the belief
that pain is indeed adverse. Benedetti et al. tested this by inducing
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Figure 1. An overview of cannabinoid biology and signalling pathways. Endogenous and
exogenous cannabinoids activate CB, and CB, and signal through MAPK and inhibition of
adenylyl cyclase (AC). NAPE-PLD = N-acyl phosphatidylethanolamine phospholipase
D, FAAH = Fatty acid amide hydrolase, DAGL = Diacylglycerol lipase, MAGL =
Monoacylglycerol lipase.

ischaemic arm pain in two groups of volunteers by vertically extending
volunteers’ arms to drain the venous blood, applying a tourniquet,
and asking subjects to squeeze a hand spring exerciser in two second
intervals for as long as possible [10]. The negative group was told that
the tourniquet test would cause pain with no beneficial side effects; the
positive group was told that the pain would benefit their muscle fibre
capabilities. Collectively, the positive group showed significantly higher
pain tolerance to the tourniquet test. This response is characteristic
of placebo analgesia, whereby positive beliefs and expectations are
beneficial to the outcome of the patient. The objective discomfort of
ischaemic arm pain was masked by the reward of improved muscle
performance - akin to forms of exercise. When the positive group was
administered rimonabant (CB, inverse agonist) or naltrexone (opioid
antagonist), the rise in pain tolerance was attenuated. Administered
together, the rise in pain tolerance was eliminated altogether. These
observations suggest that cannabinoids and opioids act synergistically
to mediate placebo analgesia.

The results from this investigation substantiate the potential for
placebos in a clinical setting to help dissociate pain from its negative
connotations. Benedetti et al. suggest that cannabinoid signalling
contributesto placeboanalgesia, buthumansthatcarrythe FAAHC385A
missense mutation, and thus have increased basal levels of anandamide,
show paradoxically reduced placebo analgesia responses [11]. A simple
explanation is that elevated concentrations of endocannabinoids cause
CB, receptor desensitisation. Alternatively, preconditioning to a pain
challenge could alter the balance of neurobiological mediators involved
in placebo analgesia. Wiech et al. propose that conditioning prior to a
pain stimulus involves ‘perceptual decision making’ [12]: modulating
the sensory input according to comprehension of pain stimuli based on
previous experience, possibly by activating the anterior cingulate cortex
and the dorsolateral prefrontal cortex, both implicated in decision
making [12]. Adopting Benedetti et al. study design to include and
account for individuals carrying the FAAH C385A mutation may help
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delineate the extent of opioid, cannabinoid and associated signalling
events in placebo analgesia.

Endocannabinoids in reward processing

From an evolutionary perspective, animals are motivated
by rewards that promote survival. We subsist on feeding, social
interaction, and sexual intercourse and therefore attribute hedonic
reward value to such behaviour. Being in a positive affective state can
also reduce the perception of pain [13] - a phenomenon called pleasure
related analgesia (PRA). Opioid and cannabinoid signalling are
involved in responding to pleasurable stimuli [14-16], but their relative
contribution to PRA was unresolved until recently.

Kut et al. [17] hypothesised that PRA would be brought about by
increased opioidergic signalling. Pain tolerance was measured before
and after subjects viewed pleasant pictures from the International
Affective Picture System (IAPS). Pain tolerance increased after viewing
the pictures, an effect that persisted following opioid blockade with
naloxone. This suggests that an opioid-insensitive circuit may mediate
PRA.

A follow up study by Friemel et al. [18] built upon previous
studies reporting the role of the ECS in motivational behaviour and
operant conditioning [19], hypothesising that endocannabinoid
signalling may be involved in evaluating the hedonic component of
a reward. To test this, the group employed a paradigm assessing the
attenuation of the acoustic startle reflex (ASR) when rodents were in
a hedonic state, the so-called pleasure-attenuated startle (PAS). This
hedonic state was induced by an odour learned to be associated with a
sweetened condensed milk (SCM) reward. Using the odour as a neutral
affective stimulus associated with a physical reward is likely to be a
more powerful pleasure inducer than the purely psychological reward
obtained from positive IAPS pictures. In trained animals, the odour
(without the presence of the SCM reward) was sufficient to reduce the
startle reflex. This is an elegant experimental paradigm as it measures
the change of a physiological reflex in a pleasurable state when the
physical reward itself is not present and only the attributed value of the
reward can drive the reduction in ASR, not the conditioned behaviour
of obtaining the reward when it is there. To validate the model, a
second group of rodents were sham trained with SCM rewards without
the odour present and showed no significant increase in PAS in the
presence of the odour during the investigation.

To assess whether the ECS was mediating PAS in rats, the group
administered the cannabinoid agonist WIN55,212-2 and rimonabant
in independent experiments. WIN55,212-2 caused a significant
increase in PAS, whereas rimonabant caused a significant decrease
in PAS compared to vehicle, consistent with the hypothesis that
endocannabinoid signalling mediates reward processing. With the
protocol established in rats, and seeking to obtain further information
about the nature of endocannabinoid signalling, the group generated
CB, knockout (KO) mice and tested PAS with the same startle
protocol used in rats. Compared to wild-type (WT) mice, CB,KO
mice had a significantly lower, indeed absent, PAS. Collectively, this
genetic and pharmacological data comprehensively implicates CB,in
reward processing, not simply driving operant behaviour but actively
signalling the pleasure of a reward.

This study informs how compulsive behaviour and addiction could
be treated. Compared to our distant ancestors, we no longer have the
basic survival needs of food, water, and social interaction. The word
‘reward’ has progressed to encompass desires that do not necessitate
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survival but are nonetheless considered pleasurable. Less primal,
higher order desires such as travel, sport, music, refined carbohydrates,
and addictive drugs all activate neural reward pathways [20]. Ascribed
reward value is derived from our reinforced expectation of a given
outcome [20], and can be manipulated by placebos operating through
the same neurochemical pathways as the active drug itself [21].
Studies of the psychostimulant methylphenidate [22] indicate that
the expectation of receiving the drug (versus a placebo) can increase
the effect of the drug itself by 50%, as measured by increases in brain
glucose metabolism via positron emission topography (PET). Gu et al.
[23] reported a similar finding with the expectation of nicotine, which
suggests that placebo therapy targeting the ‘concomitant set of sensory
and social stimuli’[21] that underpin the perceived benefit of a reward
could be instrumental in treating aspects of addiction.

The motivating factors that lead to addiction differ between
individuals, but whether an addictive substance is pursued to enhance
pleasure or reduce pain may notbe of significance as either is perceived as
rewarding. The neural circuitry mediating the hedonic value of rewards
includes foci of ‘hedonic hotspots’ such as the nucleus accumbens and
ventral pallidum [20]. The latter is of particular significance in being
the only known area where focal lesions can reverse the feeling of
pleasure to a sense of revulsion for the same given stimulus [24]. This
unique facet coupled with the ventral pallidum’s relatively high density
of CB, renders it an attractive target for modulating reward pathways
in response to drivers of addiction [25].

Cannabinoid co-operation in reward processing

Dopaminergic neurotransmission is fundamental to the mesolimbic
and mesocortical circuits that predominate in reward cognition and
reinforcement learning to control goal-directed behaviour [19]. Just
as there is an inextricable link between cannabinoids and opioids in
the mediation of pain, there is a strong overlap between cannabinoids
and dopamine (DA) in the mediation of pleasure. An example of
their interdependence is the observation that DA neurons express
diacylglycerol-lipase-a (DAGL-a) and can generate 2-AG that acts
presynaptically to inhibit GABAergic and glutamatergic input to DA
neurons [19]. This is defined as depolarisation-induced suppression of
inhibition (DSI) or depolarisation-induced suppression of excitation
(DSE). Disrupting the delicate interplay between cannabinoids and
dopaminergic signalling, specifically through exogenous cannabinoids,
can greatly disrupt learning and goal directed behaviour. For
example, cannabis users show learning and memory deficits through
frontocortical hypoactivity and parahippocampal hyperactivity [26].
Moreover, THC blocks synaptic plasticity and reduces GABAergic and
glutamatergic synapse sensitivity to both cannabinoids and opioids
[27]. Both of these responses arise from inhibition of retrograde
signalling [28] and disruption of synaptic plasticity in striatal areas
[29]. Further explanations could arise from CB, and D, receptor
heterodimers [30,31] that may fine-tune hedonic reward processing
by directly influencing downstream signalling pathways. Activated
CB,/D, heterodimers signal via Gas [31] to raise intracellular cAMP,
balancing inhibition of cAMP from independent CB, and D, receptors
that signal via Gai. Genetics could also contribute as polymorphisms
at the CNR1 locus (encoding CB,) appear to alter the vulnerability to
addiction [32].

To delineate the respective roles of cannabinoids and opioids in
mediating pleasure, we must breakdown and consider the components
of a reward including ‘wanting’ and ‘liking’ behaviour [33]. Kent
Berridge proposed that dopamine signalling contributes to ‘wanting’
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to seek a reward, but does not contribute to the perceived enjoyment
of it [33]. By contrast, as well as the initiating desire, anandamide and
drugs that activate p-opioid receptors appear to enhance the ‘liking’
component of a reward [20,34]. This provides an elegant explanation to
why these three neurotransmitter groups exist in such close proximity
at hedonic hotspots. It also allows us to consider how an imbalance of
‘wanting’ and ‘liking’ may lead to impulsive behaviour and addiction.

Impulsive behaviour is characterised by a decreased response
to threat and an increased urge to seek reward. Genetic variation
amongst the population could be valuable to understanding what
drives impulsiveness and overstimulates ‘wanting’ behaviour with
a concomitant reduction in ‘liking’ behaviour. Humans carrying the
FAAH C385A missense mutation show increased impulsiveness from
increased endocannabinoid signalling in the amygdala and ventral
striatum [35]. Dincheva et al. generated knock-in mice with a C385A
mutant FAAH allele to reduce FAAH activity and increase anandamide
levels in the brain in an attempt to discover the neural pathways
responsible for increased impulsiveness [36]. Using anterograde and
retrograde tracers in neuroimaging studies, the group uncovered
that there was greater connectivity between the basolateral amygdala
(BLA) and intralimbic region of the prefrontal cortex (involved in fear
extinction) with no change in BLA-prelimbic connectivity (involved in
fear acquisition). In this respect, increased endocannabinoid signalling
appears to tip the scales from reward seeking behaviour to addictive,
compulsive behaviour [37].

Targeting the endocannabinoid system pharmacologi-
cally

Controlled studies evaluating the medical properties of
cannabinoids extend back to the 1970s [38]. Unfortunately, promising
drug candidates are often stunted by the severity of reported side
effects. For example, rimonabant was approved for weight loss before
being withdrawn due to reported episodes of depression and suicidal
ideation [39]. As such, only a handful of drugs have been licensed for
clinical use. Nabilone is a synthetic cannabinoid used as an adjunctive
analgesic and antiemetic during chemotherapy [40] and Sativex' is a
drug preparation containing THC and cannabidiol administered as
an oromucosal spray for multiple sclerosis spasticity [41]. Preliminary
data suggests that its uses will be extended to treating allodynia and
cancer related pain in patients refractory to opioids [42,43].

For decades, opioids have been the drug class of choice in the
treatment of severe pain. However, they too carry a burden of
undesirable side effects including respiratory depression, tolerance,
and dependence [44]. Emerging evidence suggests that cannabinoid
and opioid combination therapy could provide the requisite pain
relief provided by opioids but with lower doses to eliminate unwanted
side effects [45]. One approach progressing through early clinical
trials is the co-supression of endogenous endocannabinoid and
endogenous opioid (enkephalin mediated) breakdown with FAAH
inhibitors and enkephalinase inhibitors [46]. Another promising
avenue is co-administration of cannabinoid and opioid agonists.
A low dose CB, agonist co-administered with morphine enhances
the antinociceptive property of morphine, crucially, without the
discriminative stimulus and positive reinforcement effects of morphine
alone [47]. Clinically, this could translate as a reduction of opioid
abuse liability. The mechanism behind the findings is unclear but
likely to be attributable to the overlapping pharmacodynamic profiles
of opioids and cannabinoids. Cannabinoids could mask the effect of
opioids or potentiate the release of endogenous opioids [48,49]. There
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could be allosteric modulation at play, off target effects, or opioid and
cannabinoid receptor heterodimerisation that is known to exist [50]
but the functional consequences of which are yet to be investigated.
Moreover, pain does not always manifest as physical suffering; pain
can encompass emotional symptoms arising from psychological
factors. A specific example is post-traumatic stress disorder (PTSD),
which has no established pharmacotherapy. However, synthetic CB,
agonists have been shown to significantly improve the number of sleep
hours and reduce the incidence of nightmares in preclinical trials [51].
This provides yet another therapeutic outlet to explore as the role of
cannabinoids is more fully understood.

Conclusion

In 350 BC, Aristotle said that emotions are feelings ‘attended by
pain or pleasure’ [20]. 2000 years on, we are beginning to understand
how the experiences of pain and pleasure are subject to a conflict
between their sensory and affective components.

Pain is notoriously difficult to manage and there is an unmet
need for effective drugs that do not result in dependence or tolerance.
Similarly, there is scope to improve the manifestations of aberrant
reward processing in addiction and impulsiveness for example.
Endocannabinoid signalling provides an elegant link between pain and
pleasure, and targeting the highly conserved ECS pharmacologically is
gaining traction.

Opioids are a mainstay of pain management but co-administration
with CB, agonists facilitates lower dose opioid use with fewer side effects
and without compromising the level of pain relief. Endocannabinoids
could yet be implicated alongside more basic pain medication including
paracetamol that has been shown to blunt the emotional response to
both positive and negative stimuli [52]. Furthermore, the contribution
of endocannabinoids in the increasingly well-characterised basis of
the placebo effect should not be neglected, and could be exploited in
managing psychosomatic aspects of pain.

Targeting the endocannabinoid system efficaciously is likely to be
difficult until the intricacy and widespread nature of endocannabinoid
signalling in the body is better understood. Potential side effects
mediated through CB, cannot be discounted and cannabinoids acting at
non-CB,/CB, requires greater investigation [53]. Moreover, this review
has focused on how the ECS overlaps with opioid and dopaminergic
signalling in pain and pleasure processing, but a growing body of
evidence implicates cannabinoids interacting with noradrenergic
and serotonergic circuits that are central to emotional processing
and mood [54,55]. With cannabinoids’ extensive role in modulating
neurotransmission in the brain and the inextricable link to pain and
pleasure pathways, we must now more carefully consider how to reflect
the interplay of neural circuits in developing drugs for pain and mood
disorders.
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