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Cannabinoid-based therapies have long been used to treat pain, but there
remain questions about their actual mechanisms and efficacy. From an evol-
utionary perspective, the cannabinoid system would appear to be highly
conserved given that themost prevalent endogenous cannabinoid (endocanna-
binoid) transmitters, 2-arachidonyl glycerol and anandamide, have been found
throughout the animal kingdom, at least in the species that have been analysed
to date. This review will first examine recent findings regarding the potential
conservation across invertebrates and chordates of the enzymes responsible
for endocannabinoid synthesis and degradation and the receptors that these
transmitters act on. Next, comparisons of how endocannabinoids modulate
nociception will be examined for commonalities between vertebrates and
invertebrates, with a focus on the medicinal leech Hirudo verbana. Evidence
is presented that there are distinct, evolutionarily conserved anti-nociceptive
and pro-nociceptive effects. The combined studies across various animal
phyla demonstrate the utility of using comparative approaches to understand
conserved mechanisms for modulating nociception.

This article is part of the Theo Murphy meeting issue ‘Evolution of mech-
anisms and behaviour important for pain’.
1. Introduction
Nociception is likely one of the nervous system’s most ancient and adaptively
significant functions [1,2]. Consequently, there is considerable interest in the
elements of nociception that have been conserved over the course of animal evol-
ution. Comparative approaches to study and understand conserved signalling and
modulatory processesmight be leveraged to understand basic biological principles
of nociception and develop potential therapeutics to treat pain. Conserved signal-
ling processes in the cannabinoid neuromodulatory systemmay provide one such
comparative opportunity. Interest has rapidly grown over the last 20 years for
applications of cannabinoid-based therapies to treat pain, using both cannabis
and cannabis-based derivatives (Δ-9-tetrahydrocannabinol, cannabidiol, cannabi-
nol, etc.) [3] and drugs that selectively modulate the endocannabinoid system
[4]. However, the efficacy of cannabinoid-based approaches to treat pain has
been questionable and this is likely due to cannabinoids having more complicated
effects on pain than were previously appreciated [5–7]. Consequently, the field of
nociception/pain research would benefit from comparative studies of cannabi-
noid-mediated modulation, especially those using invertebrates in which it is
possible to more readily monitor individual neurons and synapses and link
changes in their properties to behavioural changes using physiological and/or gen-
etic approaches. Evolution of cannabinoid signalling has been reviewed in the past
[8,9]; however, this articlewill provide new information regarding the evolution of
the cannabinoid receptor(s) and its effects relevant to nociception.
2. Evolution of endocannabinoid signalling
Endocannabinoids are a class of lipid neurotransmitter, which, owing to their
hydrophobic nature, are synthesized on demand and released in an activity-
dependent manner, most often by postsynaptic neurons, to serve as retrograde
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signals [10], although there is also evidence of an autocrine
function [11]. The endocannabinoid system comprises the trans-
mitters themselves, their receptors and the enzymes involved in
their synthesis and degradation. The most well-studied and
abundant endocannabinoids in the central nervous system
(CNS) are 2-arachidonoyl glycerol (2-AG) and arachidonoyl
ethanolamide (anandamide). In addition to their presence in
vertebrates [12], these transmitters have been detected in a
variety of invertebrates, including Hydra vulgaris (phylum
Cnidaria) [13], Caenorhabditis elegans, Caenorhabditis briggsae
and Pelodera strongyloides (Nematoda) [14], Hirudo verbana and
Theromyzon tessulatum [15] (Annelida) [16], Drosophila
melanogaster [17] andAmblyomma americanum [18] (Arthropoda)
and Ciona intestinalis [19] (Chordata).

Anandamide and 2-AG have distinct synthesis and
degradationpathways. The synthesis of both these endocannabi-
noids originates at a shared precursor, arachidonic acid. In total,
four routes for anandamide biosynthesis, and two for 2-AG,
have been proposed [20]. In general, the biochemical pathways
for anandamide synthesis and metabolism are less well charac-
terized than those for 2-AG, largely because it appears that the
mechanism of anandamide synthesis is highly variable depend-
ing on the brain region and various up- and downstream factors
[21].

The best understood synthesis routes for anandamidework
through theprocessingofN-arachidonoylphosphatidylethanol-
amine (NAPE) via a one-step cleavage by a phospholipase D
(NAPE-PLD) or cleavage by a phospholipase C (NAPE-PLC)
to an intermediatephospho-anandamide that is quicklydephos-
phorylated to liberate anandamide [22]. NAPE-PLD has been
characterized throughout the animal kingdom, includingproto-
stomian invertebrates, e.g. C. elegans [23], and deuterostomian
invertebrates, e.g. Strongylocentrotus purpuratus [8]. The syn-
thesis of 2-AG appears to be more straightforward. The
dominant pathway for 2-AG synthesis is via cleavage of phos-
phatidylinositol 4,5-bisphosphate by PLCβ to generate both
inositol triphosphate and diacylglycerol (DAG), and DAG is
hydrolysed by DAG lipase (DAGL) to produce 2-AG. Evidence
suggests that 2-AG synthesis is well conserved. For 2016 alone,
data mining revealed 263 full and partial gene sequences
reported toencodeDAGL inorganismsall across thephylogenic
tree [24]. For example, inHirudo, complete transcripts have been
found for both DAGL (accession no. KU500007) andmonoacyl-
glycerol lipase (MAGL, accession no. KY971276).

MAGL is considered the primary enzyme that degrades
2-AG [25]. MAGL-meditated degradation can influence 2-AG
functions inside and outside of the nervous system (e.g. metab-
olism), regulating whether 2-AG can produce other effects by
diffusing to receptor targets other than those in the immediate
vicinity [26]. Some degradation enzymes are shared between
2-AG and anandamide, with varying affinities. Of these
enzymes, fatty acid amide hydrolase (FAAH) is the primary
enzyme that breaks down anandamide, but under some cir-
cumstances can also degrade 2-AG. MAGL and FAAH
orthologues are widely present throughout the animal king-
dom [8]. Altogether, taking a reductionist, comparative
approach with invertebrate models could help elucidate the
primary and/or conserved mechanisms of endocannabinoid
biosynthesis and catabolism, particularly for anandamide.
Invertebratemodelsmay allow us to investigate different enzy-
matic pathways in isolation if certain routes for synthesis or
degradation are absent in that model. Using these invertebrate
models may also help parse out the distinct effects of
anandamide and 2-AG in modulating nociception based
on differences in the function and/or expression of their
synthesizing and metabolizing enzymes.

The canonical endocannabinoid receptors are cannabinoid
receptor type 1 (CB1) and type 2 (CB2), which are Class A
G-protein coupled receptors (GPCRs) [27]. While 2-AG and
anandamide both activate CB1 and CB2, anandamide is only
a partial agonist at both of these receptors [28]. 2-AG and
anandamide have also been reported to activate transient recep-
tor potential vanilloid type 1 (TRPV1) channels [29–31] and
peroxisome proliferator-activated receptors (PPARs) [32,33].
Finally, recent pharmacological studies indicate that the list of
cannabinoid receptors may include orphan GPCRs, namely
GPR18 andGPR55 [34], andGPCRs for other neurotransmitters
such as serotonin [35] and opioid receptors [36].

A putative ancestral cannabinoid receptor was identified
in the deuterostomian invertebrate C. intestinalis [37]. The pre-
dicted amino acid sequence for the C. intestinalis cannabinoid
receptor (CICBR) consisted of 423 amino acids and displayed
a similar sequence identity to human CB1 and CB2,
suggesting an intermediate CB receptor structure that even-
tually underwent a gene duplication event (table 1). 2-AG
[40,41] and anandamide [42] have also been reported to acti-
vate NeuroPeptide Receptors (NPR) 19 and 32 in C. elegans.
Finally, mRNAs encoding two CB-like GPCRs have been
reported in the mollusc Lymnaea stagnalis [43], joining the
growing list of potential CB-like metabotropic receptors in
protostomian invertebrates. However, if one compares the
protein sequences for a subset of these invertebrate cannabi-
noid receptors with each other and with human
cannabinoid receptors, there is a substantial amount of vari-
ation, which can be observed in table 1. Examination of the
percentages of shared identity between the receptors varies
from 33.45 to as little as 8.06%. Thus, it remains an open ques-
tion whether and how the metabotropic cannabinoid
receptors in primitive animals eventually evolved into the
CB1 and CB2 receptors observed in mammals.

Including orphanGPCRs in this analysis provides potential
evidence thatmay contribute to understanding the evolution of
metabotropic cannabinoid receptors. Although the concept of
whether to include these orphan GPCRs in the endocannabi-
noid system is relatively new, recent studies suggest that
despite limited sequence similarity, some of these orphan
GPCRs exhibit substantial pharmacological overlap with CB1
and CB2 [44]. Phylogenetic analysis of human GPCRs has
reported some orphan GPCRs as having a common ancestor
with CB1 and CB2 [45]. Insight into whether other receptors
outside CB1/CB2 contribute to cannabinoid signalling can
potentially be explored by leveraging invertebrate models.
A more thorough analysis of the presence or absence of recep-
tors that respond to cannabinoids in invertebrates and their
resemblance to potential mammalian orthologues could clarify
how these receptors evolved.

Given the variability in amino acid sequence similarity of
the proposed invertebrate cannabinoid receptors to each
other, to the CB1/CB2 receptors, and to the GPCRs shown in
table 1, there are a number of possible evolutionary paths for
the invertebrate cannabinoid receptors. First, one or more of
these receptorsmay eventually have evolved into the canonical
CB receptor first observed inC. intestinalis. Second, one ormore
of these receptors is an ancestor to the orphan GPCRs that are
cannabinoid sensitive. Third, it is possible that one or more of
the invertebrate receptors represents a ‘hybrid’ ancestor that



Table 1. Comparison of reported and predicted amino acid sequence identities
and similarities for CB1 (accession no. P21554), CB2 (P34972), CICBR (F6X383),
NPR-19 (Q17594), NPR-32 (O62403), GPR55 (Q9Y2T6), GPR18 (Q9Y2T6), CB1-
like (LC093511.1) and CB2-like (LC093512.1) endocannabinoid receptors. Cells
shaded in yellow indicate human sequences, green represents invertebrate
sequences, and blue designates a comparison between human and
invertebrate sequences. The per cent identities and similarities were computed
using the Ident and Sim algorithms in the Sequence Manipulation Suite [2,38]
following Multiple Sequence Comparison by Log-Expectation (MUSCLE) [39].
(Online version in colour.)

sequence 1 sequence 2 length (aa) % identity % similarity

CB1-like CB2-like 556 33.45 42.81

CB1 CB2 474 31.01 45.36

GPR55 GPR18 345 23.19 38.55

CICBR CB2 432 19.44 38.19

CICBR CB1 521 18.43 32.82

NPR-19 CB2 437 15.56 32.27

NPR-19 CB2-like 508 15.35 29.33

CB1-like CB2 498 15.06 28.92

CB2-like CB1 557 14.72 29.26

CB2-like CICBR 505 14.46 32.48

CB1-like CB1 553 14.29 30.2

NPR-19 CICBR 461 14.1 31.89

CB1-like CICBR 545 13.39 26.61

NPR-32 GPR18 422 13.03 25.59

CB1-like GPR55 503 12.92 26.64

NPR-32 CB2-like 509 12.77 27.5

CB2-like CB2 499 12.63 28.86

CB1-like GPR18 496 12.3 26.61

NPR-32 CB2 440 12.05 25.45

CB2-like GPR55 503 11.93 25.05

NPR-19 CB1-like 546 11.9 24.36

CICBR NPR-32 442 11.76 27.38

CB2-like GPR18 496 11.69 26.01

NPR-32 GPR55 428 11.68 22.43

GPR55 CB2 386 11.66 27.46

NPR-32 CB1-like 550 11.64 22.18

NPR-19 CB1 521 11.52 28.41

NPR-19 NPR-32 460 11.3 25.22

GPR18 CB2 375 11.2 34.13

CICBR GPR55 438 10.27 27.85

CICBR GPR18 428 9.81 26.4

NPR-19 GPR55 453 9.71 22.52

GPR18 CB1 485 9.69 23.3

NPR-19 GPR18 440 9.32 22.27

NPR-32 CB1 535 8.81 21.12

GPR55 CB1 496 8.06 22.38
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eventually became both the CB1/CB2 and orphan GPCRs.
Finally, it is possible that all of the metabotropic endocannabi-
noid receptors found in vertebrates and invertebrates are the
result of convergent evolution. Using invertebrate model sys-
tems to resolve the evolutionary and functional relationships
between the canonical CB receptors and the orphan recep-
tors could contribute to understanding the cannabinoid
modulation of nociception.

TRP channels, referred to as ‘ionotropic cannabinoid
receptors’ or ‘endovanilloid receptors,’ are being increasingly
reported to interact with endogenous and synthetic cannabinoid
agonists [46]. TRP channels havewell-documented conservation
across awide range of organisms and cell types [47]. InC. elegans,
for example, proteins in each of the seven TRP subfamilies have
been reported, including a series of TRPV channels—osmotic
avoidance abnormal (osm-9) and (osm-9/capsaicin receptor-
related) ocr-1-4 genes [48]. Like CB1 receptors, activation of
TRPV channels has been shown to initiate long-term depression
(LTD)ofexcitatoryor inhibitorysynapses inapre-orpostsynaptic
fashion [49–51]. There is also evidence of TRP channels function-
ing as endocannabinoid receptors in invertebrates [41,49,52,53].
TRP channels could themselves be a target for cannabinoid-
based analgesics, but their role in endocannabinoid signalling
in conjunction with the canonical cannabinoid receptors and in
isolation needs to be more thoroughly investigated [54].
3. Cannabinoid neuromodulation in invertebrates
A number of studies report effects of synthetic cannabinoid
receptor agonists and antagonists in protostomian invert-
ebrates [43,55–60], although it is unclear how these drugs
exert their effects given questions about what cannabinoid
receptors invertebrates possess. There are also several studies
describing the effects of endocannabinoids in protostomian
invertebrates [13,17,52,61,62], but relatively few focus on can-
nabinoid modulation of nociception. In C. elegans, 2-AG and
anandamide inhibited aversive responses to noxious chemi-
cal stimuli via the GPCR NPR-19, which is proposed to
be an orthologue of CB1/CB2 receptors [40]. Interestingly,
2-AG exerts different effects on locomotion, increasing turn-
ing and reducing forward locomotion, which are mediated
by TRPV- and TRPN-like cannabinoid receptors (osm-9 and
trp-4 genes, respectively) [41]. The effects of 2-AG via
TRPN receptors appear to be mediated by an increase in
dopamine release, while the 2-AG–TRPV effects are mediated
by increased serotonin release [41].

In Hirudo, 2-AG and anandamide reduce nocifensive
responses to nociceptive stimuli but enhance responses to
non-nociceptive mechanical stimuli [63]. These opposing
effects of endocannabinoids are also observed at the synaptic
level, where 2-AG and anandamide elicit LTD of nocicep-
tive (N cell) synapses, but potentiate synapses made by
non-nociceptive pressure-sensitive neurons (P cells) via a
disinhibitory mechanism (figure 1) [49,64–66]. The synaptic
and behavioural effects of endocannabinoids in Hirudo are
mediated by a TRPV-like channel based on pharmacologi-
cal studies in which TRPV1 antagonists block the effects
of endocannabinoids and TRPV1 activators mimic or occlude
endocannabinoid effects [49,67,68]. This combined with the
recent C. elegans studies reinforces the idea that endocannabi-
noid signalling via TRPV channels may be evolutionarily
conserved [31,29,41,69,70], although the involvement of a
GPCR cannot be excluded in Hirudo at this time. Despite
potential differences in receptors, endocannabinoid-mediated
synaptic plasticity in Hirudo shares a number of features
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with mammalian synapses, including retrograde signalling,
involvement of presynaptic Ca2+ and calcineurin signalling,
and a requirement for transcription and translation-dependent
processes [49,64,71–75].
4. Pro- and anti-nociceptive effects of
cannabinoids

Cannabinoid therapies are generally thought to be analgesic,
regardless of whether endocannabinoid- or phytocannabi-
noid-based treatments are used [76–80]. However, evidence
from both preclinical and clinical studies indicates that canna-
binoids can have pro-nociceptive effects as well [81–86]. This
complicates the use of potential cannabinoid-based therapies
to treat pain and is likely a major reason why there has been
conflicting evidence about the utility of phytocannabinoid-
based medicines to treat pain [5,6,87] as well as the failure
of a clinical trial for an endocannabinoid-based analgesic
[88]. Addressing this complexity requires understanding
the cellular mechanisms that delineate the pro- versus anti-
nociceptive effects and what conditions elicit one effect over
the other.

How does one reconcile these opposing effects of
cannabinoids? While nociceptive and non-nociceptive sensory
pathways are generally segregated in their paths to the brain,
non-nociceptive afferents do have access to nociceptive circuitry
in the spinal cord [89–92]. Thesenon-nociceptive inputs arepoly-
synaptic and controlled by inhibitory neurons (figure 1a,b) that
effectively gate non-nociceptive sensory input to nociceptive cir-
cuits (e.g. the nociceptive projection neurons) [90]. Nociceptive
afferents, on the other hand, have direct monosynaptic input
to many of these same projection neurons. Therefore, a poten-
tial mechanism for pro- versus anti-nociceptive effects is
that cannabinoids have different effects on nociceptive and
non-nociceptive afferent inputs to the spinal nociceptive
circuits. Supporting this idea are rodent studies in which endo-
cannabinoids are found to depress excitatory synapses made
by nociceptive afferents (an anti-nociceptive effect; figure 1a)
but disinhibit non-nociceptive afferent input (a pro-nociceptive
effect; figure 1b) [82,93]. This hypothesis is illustrated in figure 1
where an endocannabinoid ‘depression module’ is shown to act
on nociceptive signalling pathways, whereas a ‘potentiation
module’ acts in non-nociceptive inputs.

Studies in Hirudo also provide evidence for these
distinct effects by endocannabinoids on nociceptive and non-
nociceptive pathways. In Hirudo, N cells elicit a defensive
withdrawal reflex, whole-body shortening, in part via mono-
synaptic connections to local motor neurons (figure 1c,d).
These motor neurons also receive monosynaptic input from
non-nociceptive P cells; however, these synapses are weaker
and greater P cell activation is required to elicit the withdrawal
reflex [67,68,94,95]. Nevertheless, as in mammals, nociceptive
and non-nociceptive afferents in Hirudo converge on common
postsynaptic targets. Similar to observations in rodents, endo-
cannabinoids depress N cell synapses (figure 1c) but enhance P
cell synaptic transmission as a result of presynaptic disinhibition
(figure 1d) [49,65,66]. These effects are functionally relevant, as
endocannabinoids reduce behavioural responses elicited by
either nociceptive stimuli or directly stimulating N cells [63,67].
On the other hand, endocannabinoids increase the magnitude
of the shortening response elicited by P cell stimulation and
reduce the threshold in response to non-nociceptive stimuli
[63,68]. Thus, these dual mechanisms of endocannabinoids
having anti-nociceptive effects via depression of nociceptive
synapses and pro-nociceptive effects via disinhibition of non-
nociceptive synapses appear to be conserved from invertebrates,
to rodents and even to humans [82].

These findings suggest that while the non-nociceptive
afferent inputs are sensitive to disinhibition, the nociceptive
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pathways are not. Oneway thismay arise is due to differences in
the chloride gradients between nociceptive and non-nociceptive
inputs, which determine whether neurons are inhibited or
excited by GABA [7]. In Hirudo, the P cells have a relatively
hyperpolarizedCl− equilibriumpotential (ECl) and are inhibited
byGABA,while theN cells have a relatively depolarizedECl and
are excited by GABA [65,66,96]. Consistent with this, P cell
synapses can be disinhibited either by GABA receptor antagon-
ists or by blocking the Cl− exporter [65,66]. N cell synapses,
however, cannot be disinhibited in this manner, and applying
GABA receptor antagonists or blocking Cl− importers actually
decreases excitatory post-synaptic potential amplitude (disexci-
tation) [66]. These differences in Cl− gradients directly impact
how endocannabinoids affect P versus N cell synapses. P cell
synapses are potentiated by endocannabinoids via a disinhibi-
tion mechanism, while N cell synapses are ‘protected’ from
this disinhibition [66].

Does a similar mechanism translate to vertebrates? Most
studies suggest that both nociceptive and non-nociceptive sen-
sory neurons inmammals have elevated intracellular Cl− levels
and are depolarized by GABA/glycine [97–101]. However,
some experiments using intact dorsal root ganglion (DRG)
neurons suggest that non-nociceptive afferents have low ECl

and are inhibited by GABA/glycine and that only nociceptors
are depolarized by these transmitters [102,103]. Further evi-
dence that nociceptive and non-nociceptive afferents have
different Cl− gradients is found in a study in which blocking
GABA receptors increased synaptic transmission by Aβ affer-
ents via disinhibition (indicative of a low ECl), but reduced
transmission by nociceptive afferents (disexcitation; indicative
of a low ECl) [104], similar to what is observed in Hirudo.

5. Accessing different endocannabinoid modules
Given the evidence for pro- and anti-nociceptive effects by
cannabinoids, the next question is how are these different
effects normally elicited within the nervous system? Evidence
from both rodent and human studies indicates that strong
activation of nociceptors produces endocannabinoid-
mediated allodynia (illustrated in figure 1b) [82]. This is sup-
ported by studies in Hirudowhere high-frequency stimulation
(HFS) of the N cells or noxious stimuli applied to the skin eli-
cits endocannabinoid-mediated potentiation of P cell
synapses (figure 1d ) and sensitization of P cell-elicited short-
ening [66]. Furthermore, in vivo studies have shown that
injury-induced sensitization to non-nociceptive stimuli in
Hirudo is also endocannabinoid-dependent (M. Jorgenson
and B. D. Burrell 2018, unpublished observation). Therefore,
nociceptive stimuli appear to be an evolutionarily conserved
mechanism for producing cannabinoid-mediated sensitization
to non-nociceptive stimuli.

Low-frequency stimulation (LFS) of non-nociceptive
afferents in Hirudo elicits both endocannabinoid-mediated
depression of N cell synapses and decreases in the magnitude
of the N cell-elicited shortening response (figure 1c) [49,64,67].
A comparable process is also observed in rodents, where
repetitive stimulation of Aβ-fibres produces endocannabinoid-
dependent depression of C-fibre synapses and reduces
mechanical hypersensitivity following nerve injury (figure 1a)
[105,106]. The contribution of cannabinoid signalling to the
anti-nociceptive effects of repetitivenon-nociceptive stimulation
may be relevant to analgesic therapies, e.g. transcutaneous elec-
trical nerve stimulation (TENS) or spinal cord stimulation (SCS).
Functionally, these different patterns of activity should only
elicit one endocannabinoid ‘module’, either potentiation or
depression. This appears to be the case in Hirudo (figure 1c,d).
LFS does not produce endocannabinoid-mediated synaptic
potentiation, possibly because the threshold for activation of
the potentiation module has not been reached [66]. HFS might
be expected to activate both the potentiation and depression
modules; however, NMDA receptor-mediated long-term
potentiationofnociceptive synapses appears to inhibit endocan-
nabinoid-LTD in these same nociceptive synapses [107].
Whether other species have similar activity-dependentmechan-
isms to control what form of endocannabinoid-mediated
modulation is produced is not known.

While cannabinoid-mediated potentiation appears to con-
tribute to nociceptive sensitization, little consideration has been
given to understanding why repetitive non-nociceptive stimuli
should reduce nociceptive signalling. One potential explanation
is that repetitive non-nociceptive stimulation is producing a form
of generalized habituation inwhich both the activated stimulus–
response pathwayand an inactive but relatedpathwayhabituate
[108–113]. In Hirudo, habituation to non-nociceptive stimuli
leads to a decrease in response to nociceptive stimuli that
meets the requirements for generalization of habituation [114].
Direct habituation to the non-nociceptive stimuli was not canna-
binoid-mediated, but the generalized habituation to nociceptive
stimuli did require endocannabinoid signalling, similar to the
synaptic and behavioural effects of non-nociceptive LFS
described above.

This habituation mechanism may represent an important
evolutionarily conserved process for regulating pain. Increased
aversive/defensive responses following injury are protective
and have adaptive value [2,115]. At some point, however,
animals must resume normal behavioural patterns or risk
reductions in fitness due to loss of feeding or reproductive
opportunities. Perhaps as animals begin to recover and
becomemore active following an injury, the normal somatosen-
sory stimuli that result from this activity initiate habituation
processes that reduce sensitized responses to innocuous and
noxious stimuli simultaneously. This may be relevant from a
clinical perspective in part because understanding habituation
of nocifensive behaviours could lead to novel approaches to
treat pain, but also because nociceptive habituation is disrupted
in some human chronic pain conditions [116–120]. Studies in
which the capacity for endocannabinoid-mediated habituation
to reverse nociceptive sensitization and the adaptive value of
this process are an obvious direction for future research.

Activation of different receptors provides an additional
element for accessing different endocannabinoid modules. As
shown in table 1, there is evidence ofmultiple cannabinoid recep-
tors, which may have distinct properties (e.g. activate different
intracellular signalling cascades) and produce different modula-
toryeffects at the physiological andbehaviour level. Evidence for
such receptor-based endocannabinoid modules is found in the
recent studies by Komunieki and co-workers in which distinct
forms of modulation of monoamine release and locomotion are
produced by 2-AG and anandamide activation of GPCR-
versus TRP-type cannabinoid receptors in C. elegans [40,41].

6. Concluding remarks
Endocannabinoid modulation of nociception exhibits remark-
able conservation from the synaptic to behavioural level across
the animal kingdom. The major cannabinoid transmitters,
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2-AG and anandamide, are found widely in vertebrates and
invertebrates as are the enzymes involved in synthesis and
degradation of these transmitters. There also appear to be
commonalities in terms of synaptic plasticity and the intra-
cellular signalling mechanisms involved. Remarkably, it is at
the level of cannabinoid receptors where the most variability
is observed. Earlier studies of invertebrate genome databases
indicated that protostomian invertebrates lacked orthologues
of the canonical cannabinoid receptors [8,9,121]. However, can-
didates for an invertebrate metabotropic cannabinoid receptor
have been recently uncovered. Whether these have direct
relations to CB1/CB2, are part of a family of ancestral proteins
that eventually produced the canonical and/or orphan GPCR
cannabinoid receptors, or are the result of convergent evolution
is not clear at this time. At the circuit and behavioural level, there
is clear evidence of conservation of the pro- and anti-nociceptive
effects of endocannabinoids. Collectively, these studies illustrate
the utility of harnessing comparative approaches to under-
stand the basic biology of nociception from the cellular to
behavioural level.
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