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Opioids and cannabinoids are among the most widely
consumed drugs of abuse in humans. A number of
studies have shown that both types of drugs share
several pharmacological properties, including
hypothermia, sedation, hypotension, inhibition of both
intestinal motility and locomotor activity and, in
particular, antinociception. Moreover, phenomena of
cross-tolerance or mutual potentiation of some of these
pharmacological effects have been reported. In recent
years, these phenomena have supported the possible
existence of functional links in the mechanisms of
action of both types of drugs. The present review
addresses the recent advances in the study of
pharmacological interactions between opioids and
cannabinoids, focusing on two aspects:
antinociception and drug addiction. The potential
biochemical mechanisms involved in these
pharmacological interactions are also discussed
together with possible therapeutic implications of
opioid—cannabinoid interactions.

New trends have renewed scientists’ interest in the
pharmacology and biochemistry of cannabinoids due to
the recent description of an endogenous cannabinoid
receptor system acting in the brain and peripheral tissues.
This system comprises at least two types of cannabinoid
receptors coupled to well-known signal-transduction
mechanisms, as well as endogenous ligands, which
could potentially be used as models for the synthesis of
new therapeutic drugs. The search for these so-called
endocannabinoids has been carried out in a manner
similar to that for the endogenous opioids in the 1970s.
It is now well-established that plant and synthetic deriv-
atives of both opioids and cannabinoids mimic the
effects of endogenous ligands in their ability to bind to
membrane receptors. Moreover, it has been shown that
opioids and cannabinoids share a variety of pharmaco-
logical properties and even putative links in their mecha-
nisms of action, although they also show important
pharmacological differences.
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Common pharmacological properties of opioids
and cannabinoids

Hypothermia, sedation, hypotension, inhibition of
intestinal motility and motor depression are just some of
the effects elicited by both opioids and cannabinoids!2.
However, the most important interactions were found in
antinociception'-> and, to a lesser extent, in drug rein-
forcement®-10,

Antinociception

Data accumulated in the past few years suggest the
existence of independent but related mechanisms of anti-
nociception for cannabinoids and opioids. A detailed de-
scription of the recent advances in cannabinoid-mediated
antinociception research is given in Box 1. These advances
point to the existence of distinct cannabinoid antinoci-
ceptive pathways!-4, although a number of studies sug-
gest that opioids might also be involved in the regulation
of pain control by cannabinoids.

This hypothesis is supported by a number of studies,
which have indicated that opioid receptor antagonists
might block cannabinoid-induced antinociception. The
first studies used naloxone or other nonselective opioid
receptor antagonists to block the antinociceptive effects
of cannabinoids, but the results were controversial. Some
authors, using mostly tail-flick tests, found that opioid re-
ceptor antagonists failed to block the effects of A%-tetra-
hydrocannabinol (A*-THC) or other cannabinoid recep-
tor agonists'+-17, whereas others found that low doses
of naloxone (1-5 mg kg~1) partially antagonized and, at
higher doses (10 mg kg~1), fully blocked the antinocicep-
tive effect of A>-THC. In these latter experiments, tail-flick,
paw pressure, hot-plate or other pain tests were used!8-20.
Despite the observation that the results using the hot-plate
test more closely resembles a supraspinal response than
a spinal response, whereas the tail-flick is mainly under
spinal control, and that differences in the supraspinal
and spinal location of opioid receptor subtypes have been
suggested?22, it seems that differences in the pain mod-
els used are unable to explain the different responses to
naloxone. These differences might be because high doses
of this antagonist used in some studies!$-2 are acting at
-, k- and d-opioid receptors. In fact, by using more selec-
tive opioid receptor antagonists such as 8-funaltrexamine
(a p-opioid selective antagonist) or nor-binaltorphimine
(a k-receptor-selective antagonist; see Fig. 1), several
studies have shown that u- and preferentially k- but not
d-receptors are involved in the antinociceptive action of
A%-THC (Refs 3, 17, 19, 23). In addition, it has been de-
scribed recently that administration of antisense oligo-
deoxynucleotides to the k-receptor blocks the antinoci-
ceptive effects of intrathecal (i.t.) A>-THC (Ref. 24) and
enhances A%-THC-induced antinociceptive tolerance? in
rats. The recently available knockout mice for specific
opioid receptor subtypes could potentially be used to
demonstrate the subtype(s) of opioid receptor involved
in the antinociceptive effects of cannabinoids?2. Moreover,
the supraspinal or spinal location of opioid receptor
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Box 1. Cannabinoid-

The hypoalgesic effect of cannabinoids is well docu-
mented and the finding is considered to be timely with
potential for clinical application'-3. However, the delay
in the elucidation of molecular sites of action for canna-
binoids compared with that for opioids has hampered
arapid clarification of pain-depressing effects of canna-
binoids and, hence, their potential uses as analgesics.
However, an interesting review by Notcutt and co-
workers of the clinical experience using cannabinoids
to reduce chronic pain has been recently published?.

Anatomical sites of cannabinoid-induced
antinociception

In recent years, it has been shown that cannabinoids
produce antinociception through multiple mecha-
nisms at the spinal and supraspinal levels in the CNS
(Refs 4-6). This supports the existence of distinct
cannabinoid antinociceptive pathways, which could
represent pharmacological targets for pain relief. It has
also been proposed that cannabinoids, acting through
CB, receptors, might regulate pain initiation at sites of
tissue injury’, in a similar way to opioids that have also
been shown to be peripherally active®-10. This opens
the possibility of developing novel peripherally active
cannabinoid analgesics devoid of centrally mediated
side-effects.

It has been suggested that various brain regions are
involved in the centrally mediated antinociceptive
effects of cannabinoids. The first site is thought to be
located at the spinal level, as direct application of canna-
binoids to the spinal cord resulted in antinociception*!1.
Within the spinal cord, the lumbar rather than thoracic
region seems to be implicated*. Anatomical data pre-
sented by Hohmann and Herkenham!2 showed that only
a subpopulation of cannabinoid receptors is located in
the rat lumbar spinal cord. On the basis of the efficacy
of nor-binaltorphimine when administered intrathecally
(i.t.) but not intracerebroventricularly (i.c.v.)!314, spinal
cannabinoid antinociception has been reported to be
opioid-mediated through activation of k-opioid receptors
in mice. Recent studies have suggested that dynorphin
peptides, the endogenous k-opioid ligands, might be
acting at the spinal level through non-opioid-mediated
mechanisms!%16. In this respect, it might be difficult to
interpret the results obtained using spinal administration
of dynorphin antibodies!'31718. However, the results
obtained with k-receptor antagonists!31819 or antisense
oligodeoxynucleotides to these receptors?*?! strongly

suggest a k-receptor involvement in the antinociceptive
effects of cannabinoids. Further studies are required to
further address this controversial aspect.

It has been shown that antinociception induced by
systemic administration of cannabinoids is attenuated,
but not completely blocked, by spinal transection*!1,
thus providing indirect evidence of a role for supra-
spinal structures in cannabinoid-induced antinocicep-
tion, particularly in the descending control of nocicep-
tion?2. This is consistent with the fact that SR141716A
has a much greater efficacy at supraspinal than at spinal
sites?. It is thought that these supraspinal structures
are located mainly in the midbrain®24, brainstem? and
thalamic structures?¢. Walker and co-workers? and, more
recently, Meng ef al.2” demonstrated the existence of a
brainstem circuit activated by cannabinoids to reduce
pain in the rostral ventromedial medulla. This effect
would be independent of the motor-depressing effect
of cannabinoids. The periaqueductal grey matter has
also been reported to function as an important relay
involved in the regulation of cannabinoid antinocicep-
tion®24. Although cannabinoid receptor binding sites
are not abundant in this area?3, local administration of
the potent cannabinoid receptor agonist CP55940 into the
periaqueductal grey matter produces antinociception®.
However, for the purpose of this review, it is important
to point out that, among other putative areas, this brain
region is a common site for pain-suppressing effects of
opioids and cannabinoids. Studies using selective opi-
oid receptor antagonists given i.c.v. or i.t. (Refs 13, 14)
suggest a major involvement of p-opioid receptors in
supraspinal cannabinoid antinociception.

Taken together, these studies suggest that cannabi-
noids might act both at the supraspinal level of the
descending inhibitory pathways and at the level of the
dorsal horn of the spinal cord where intrinsic inter-
neurones containing dynorphin peptides might regulate
transmission between primary afferent fibres and
spinothalamic tract transmission neurones.

Pharmacological features of cannabinoid-induced
antinociception

The high correlation between antinociceptive poten-
cies of a series of cannabinoids, their ability to displace
cannabinoid receptor radioligands from binding sites
and to inhibit adenylate cyclase suggests that the anti-
nociceptive effects of cannabinoids are primarily medi-
ated by cannabinoid receptors?. This has been shown

subtype(s) involved in cannabinoid antinociception
needs further clarification, although the involvement of
supraspinal p- and spinal k-receptors has recently been
suggested? (see Box 1).

The simultaneous administration of cannabinoid re-
ceptor agonists and - (Refs 5, 26) or k- (Refs 3, 25, 27)
receptor agonists has provided further support for a
cannabinoid-opioid interaction in antinociception. Using
chronic treatments, Thorat and Bhargava? revealed the
existence of bidirectional cross-tolerance between mor-
phine and A°-THC, although this was not related to
changes in p-receptor binding in A>-THC-tolerant mice2
or to alterations in cannabinoid receptor binding in
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morphine-dependent mice?. Cross-tolerance was also
demonstrated for A>-THC and k-receptor agonists3?>%.
However, other authors reported a potentiation of the
antinociceptive effects of cannabinoids in morphine-
dependent rats in parallel with an increase in cannabi-
noid receptor binding and mRNA expression in specific
brain areas”. This contrasts with the cross-tolerance
shown by Thorat and Bhargava?. These two studies dif-
fered in the species used (mice? and rats®), whereas
tail-flick tests, morphine pellets and equivalent doses of
A%-THC were used in both cases.

Additive effects of opioids and cannabinoids have also
been reported, in studies using acute and subeffective
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mediated antinociception

in recent studies using administration of antagonists®
or antisense oligodeoxynucleotides® to the CB,;
receptor. Moreover, the administration of SR141716A
produced hyperalgesia by itself*2. However, there
are some discrepancies between anandamide and
A°-THC regarding their antinociceptive effects3>-3.
The administration of SR141716A blocked the anti-
nociception induced by A>-THC or by synthetic agon-
ists132530, but failed to completely antagonize the
effects of anandamide?33336, Welch has recently shown
that A%-THC-tolerant mice were cross-tolerant to
k-receptor agonists as well as to anandamide®”. How-
ever, anandamide-tolerant mice were cross-tolerant
to A%-THC but not to k-receptor agonists®. These dif-
ferences suggest either that anandamide does not
produce its effects by a direct interaction with the CB,
receptor or that the existence of a receptor subtype,
other than the CB,, is specifically involved in the effects
of anandamide?3¢. The study by Calignano and
co-workers’ also demonstrated the involvement of
peripheral CB;-like and CB,-like receptors in the con-
trol of pain, as the combined administration of anan-
damide (which binds to both CB, and CB, receptors)
and palmitoylethanolamide (which binds only to
CB, receptors) was 100 times more effective in reduc-
ing the pain response induced by tissue damage than
each compound alone. Specific CB, or CB, receptor
antagonists, SR141716A and SR144528, respectively,
prolonged and enhanced the pain’. The pain-reduc-
ing effects of palmitoylethanolamide have also been
described by Jaggar and co-workers?, indicating a
role for CB, receptors, whereas Richardson and co-
workers® reported that cannabinoid-induced reduc-
tion of hyperalgesia and inflammation was mediated
through CB, receptors.
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doses of both compounds3-32. Synergism is commonly
observed among analgesic agents, and this might not be
directly related to receptor-signalling interactions. How-
ever, Smith and co-workers® showed recently that the
enhancement of morphine-induced antinociception by
A%-THC was antagonized by SR141716A and concluded
that it was mediated through cannabinoid receptors. They
demonstrated that nor-binaltorphimine or naltrindole, a
d-receptor antagonist, was also able to block the anti-
nociceptive effect caused by the combination of A>-THC
and morphine®. They suggested that the antinociceptive
effects of morphine, which are predominantly mediated
by p-receptors, might be enhanced by A%-THC through

activation of k- and 8-receptors®. This fact could be
potentially useful in the treatment of pain.

Drug addiction

Drug addiction is another relevant issue with regard to
cannabinoid-opioid interactions. One consideration is
whether long-term marihuana consumption alters the
steady-state of the endogenous opioid system, so poten-
tially increasing an individual’s susceptibility to opioid
addiction. In a recent paper, Tanda and co-workers’
reported that cannabinoids might activate mesolimbic
dopaminergic neurotransmission, which is an important
component of the reward system. The effect observed
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Fig. 1. Effects of the intrathecal administration of a: the k-opioid receptor antagonist nor-binaltorphimine or b: dynorphin A-(1-8) rabbit antiserum on the
antinociceptive effect of A%-tetrahydrocannabinol, measured using the tail-flick test. In a, * indicates statistical significance. In b, T indicates statistical
significance compared with their corresponding vehicle-injected group, whereas ¥ indicates statistical significance compared with their corresponding
vehicle-injected group and also with the group treated with A%-tetrahydrocannabinol but not with the dynorphin A-{1-8) rabbit antiserum. White bars, vehicle;
black bars, A%-tetrahydrocannabinol. Data reproduced, with permission, from Ref. 19.

was similar to that caused by heroin and probably medi-
ated through a p,-receptor mechanism common to both.
This is consistent with the fact that, as for the antinoci-
ceptive effect and for other cannabinoid-mediated
effects?, opioid receptor antagonists blocked, at least par-
tially, some effects of A>-THC that are related to alter-
ations in the reward substrates®. They were detected by
electrical brain stimulation reward” and in vivo micro-
dialysis®. These authors proposed that cannabinoids act
in a similar way to most drugs of abuse in that their
increase in brain-reward facilitation is also naloxone-
reversible, at doses which by themselves have no effect
on brain-stimulation reward3%. By contrast, other authors
were unable to show a reversal by naloxone of the A>-THC-
induced increased firing of dopaminergic neurones in the
ventral tegmental area%, which was, in turn, blocked by
SR141716A, a specific cannabinoid receptor antagonist.
This suggests the involvement of a CB, receptor-mediated
mechanism.

Mimicking the effect observed with naloxone in mor-
phine-dependent animals, administration of SR141716A
to A%-THC-tolerant rodents also precipitated several
somatic signs of withdrawal®-%, but these were of a
smaller magnitude than those shown in the case of opi-
oids. For example, neither dominant behavioural signs
(e.g. jumping) or autonomic signs (lacrimation, diar-
rhoea and others), which are both considered to be
indicative of the severity of the withdrawal response, are
observed in the SR141716A-induced withdrawal syn-
drome in A%-THC-tolerant animals3¢-38, However, A>-THC-
tolerant rodents develop an opioid-like withdrawal syn-
drome after acute administration of naloxone8, which
suggests that prolonged exposure to cannabinoids could
lead to profound alterations in opioid neurotransmission.
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This latter effect has also been observed using devel-
opmental models. It has been reported recently that rats
exposed to A>-THC during crucial periods of brain devel-
opment also exhibited a naloxone-induced withdrawal
syndrome at immature ages®. The response was mild
compared with that of morphine-dependent animals,
but this could indicate a cannabinoid-induced alteration
in the maturation of opioid peptide-containing neurones.
In fact, when these animals reached adult age, they were
more susceptible to the reinforcing properties of mor-
phine, as revealed by either self-administration studies*
(see Fig. 2) or by conditioning place-preference studies*!.
These behavioural signs run in parallel with an increase
in the density of w-receptor binding in areas related to drug
reinforcement®. In this respect, a reduction in the levels
of endogenous opioids might be expected to occur. This
anticipated outcome was confirmed by the decrease ob-
served in the expression of proenkephalin gene in some
of these areas*? (see Fig. 2). The ratio of enkephalin con-
tent to p-receptor density might be a crucial factor for self-
administration of morphine in rats. In this sense, by using
different rat strains, it has recently been shown that these
rats were more vulnerable to morphine when having lesser
basal proenkephalin mRNA levels®. However, other stud-
ies have shown that the absence of p-receptors in mutant
mice led to a loss of reinforcing properties of morphine?2.

Despite these data, the hypothesis that marihuana con-
sumption might enhance the reinforcing potential of opi-
oids needs to be more extensively addressed. Two novel
methodological tools, which have been developed very
recently, could provide further insight. Using the synthetic
cannabinoid receptor agonist WIN552122, Martellota
and co-workers* have observed self-administration of this
agonist in mice; such self-administration had previously
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Fig. 2. Basal mRNA levels for proenkephalin in the forebrain of adult rats that had been perinatally exposed to A%-tetrahydrocannabinol (AS-THC) (right
panel) and number of injections in these animals when subjected to morphine self-administration studies (left panel). * Indicates statistical significance.
Open circles, vehicle; closed circles, A%-THC. ST, striatum; NA, nucleus accumbens. Data reproduced, with permission, from Refs 40 and 42.

been extremely complicated using A>-THC or other clas-
sic cannabinoids in rats and monkeys*4. Mice lacking
CB, receptors have also been produced by gene targeting
and provided an additional molecular tool to study the
role of these receptors in drug addiction. Using these
mutant mice, Ledent and co-workers#” have shown that
the acute effects of morphine were unaffected, but their
reinforcing properties and, consequently, the severity of
the withdrawal syndrome were reduced. This extends
the concept of an interconnected role of CB, and opioid
receptors in brain regions mediating addictive behav-
iours and, additionally, suggests that long-term admin-
istration of CB, receptor antagonists might be considered
as tools for preventing the development of opioid depen-
dence¥. Other studies have also provided evidence of a
possible beneficial effect of cannabinoids in the treat-
ment of opioid withdrawal, although this evidence was
based on the use of cannabinoid receptor agonists.

Thus, although still anecdotal, there is clinical evi-
dence to suggest that the use of marihuana might attenu-
ate the magnitude of the withdrawal syndrome in heroin
addicts®. In fact, A%-THC, as well as anandamide, the
main endogenous cannabinoid receptor ligand, amelio-
rates the magnitude of withdrawal signs observed in
morphine-dependent rodents!04%%0. This suggests that
CB, receptor agonists might be effective in the treatment
of opioid withdrawal rather than in the development of
dependence. As both states are behaviourally and bio-
chemically opposite and pharmacologically dissociable,
the use of antagonists to prevent the development of
dependence and of agonists during withdrawal appears
reasonable. This could have clinical implications because
these compounds can be used as a potential therapy in
the treatment of opioid abusers.

Biochemical mechanisms involved in opioid-
cannabinoid interactions

Despite data that support an interaction between the
opioid and the cannabinoid systems in antinociception
and drug addiction, as well as in other less-studied phar-
macological effects such as hypothermia?, the nature of
such interactions remains unclear. Several authors have
suggested that both drugs share common links in their
molecular mechanisms of action, although this has been
a matter of controversy. In this respect, it is important to
consider that the nature of cannabinoid-opioid interac-
tions might differ in brain circuits mediating reward and
in those mediating other pharmacological properties,
such as antinociception3*. Two hypotheses have been
formulated and these are discussed below.

Signal-transduction interactions between
cannabinoids and opioids

Despite the existence of bidirectional cross-tolerance,
Thorat and Bhargava? in 1994 showed an absence of
changes in opioid receptor binding in A>-THC-tolerant
mice. These authors suggested that cannabinoids and
opioids might interact at the level of their signal-trans-
duction mechanisms. Receptors for both types of drugs
are coupled to similar intracellular signalling mecha-
nisms, mainly to a decrease in cAMP production through
activation of G; proteins®2. Previous studies have shown
that animals chronically exposed to morphine exhibited
adaptive changes in adenylate cyclase-coupled G pro-
teins®3-%, thus affecting the efficiency of other receptors
also coupled to G; and G, proteins such as cannabinoid
receptors. A requirement for this hypothesis is that, in
order to be able to compete for the same pools of G pro-
teins, receptors for both compounds should co-localize
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Data reproduced, with permission, from Ref. 65.

PVN >

Fig. 3. Effects of 18-day treatment with vehicle (panels a, ¢ and e) and CP55940 (panels b, d and f) on proenkephalin mRNA levels measured by in situ
hybridization. NA, nucleus accumbens; PVN, paraventricular hypothalamic nucleus; ST, striatum; VMN, ventromedial hypothalamic nucleus. Scale bar, 1 mm.

in the same neurones. Unfortunately, double-labelling
experiments have not been carried out yet but should be
considered, given the recent preparation of specific anti-
bodies for CB, receptors. There are several brain struc-
tures, such as the caudate-putamen, the dorsal hip-
pocampus and the substantia nigra that are rich in both
cannabinoid and opioid receptors?'%57 and where co-
localization of both types of receptors would be feasible.
Other brain structures, such as the periaqueductal grey
and the medial basal hypothalamus, contain more mod-
erate levels of cannabinoid and opioid binding sites?!,%57,
but play an important role in cannabinoid-mediated
antinociception® and in neuroendocrine effects of
cannabinoids®, respectively.

The hypothesis of an interaction at the level of signal-
transduction mechanisms might serve to explain the
attenuating effect of A>-THC on naloxone-precipitated
withdrawal signs in morphine-dependent animals*,
as well as on the phenomena of mutual potentiation or
cross-tolerance in antinociception3525-27.30-32 (see earlier).
By using cultures of cell lines from tumours of the CNS,
more recent studies have provided new elements to sup-
port this hypothesis. Thus, Shapira and co-workers¢! ob-
served that 8- and cannabinoid receptors activate different
pools of G proteins, although these authors¢! and others®?
observed the phenomenon of cross-desensitization in
cannabinoid or opioid agonist-activation of G proteins.
Nevertheless, this assumption does not appear to agree
with recent results of a lack of change in both cannabi-
noid receptor binding and agonist-induced activation of
signal-transduction mechanisms in brain structures of
morphine-dependent mice?.
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Cannabinoid-induced synthesis and release of
endogenous opioids

Recent studies have provided evidence for another
hypothesis for opioid—cannabinoid interactions, which
states that cannabinoids might increase the synthesis or
release of endogenous opioids, or both®-¢. This would
be particularly relevant for the antinociceptive effects of
cannabinoids and could also explain the ability of some
opioid receptor antagonists to block some effects of
A%-THC (Refs 6,19, 23, 33), as well as to induce withdrawal
signs in A%>-THC-tolerant rats®.

The block of A>-THC-induced antinociception by intra-
thecal administration of antisera to k-receptor endogenous
ligands such as dynorphin A(1-17), dynorphin A(1-8) or
a-neoendorphin’®* points to a cannabinoid-induced acti-
vation of the spinal dynorphin system. This is also sup-
ported by the fact that, using spinal catheterization of rats,
the administration of the cannabinoid receptor agonist
CP55940 has been reported to produce a significant
release of dynorphin B concurrent with the production of
antinociception®. Similarly, it has been shown recently
that opioid-degrading enzyme inhibitors potentiate
A%-THC-induced antinociception®”. The involvement of
released dynorphin-related peptides in the antinocicep-
tive effect of A>-THC in the spinal cord is concordant
with the above-described pharmacological interactions
between A%-THC and k-opioid receptor agonists!7,192425.27,
However, some recent studies have argued against the
notion that dynorphin release at spinal level is acting
through k-receptors to produce antinociception®®®. (This
has been discussed in more detail in Box 1.) It is possible
that other opioid peptides are alternatively involved, given
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that a five-day administration of A>-THC produced a
marked increase in prodynorphin and proenkephalin
gene expression in the spinal cord®. Chronic cannabinoid
administration was also found to increase proopiomelano-
cortin gene expression (its post-translational product is
B-endorphin) in the arcuate nucleus of the hypothalamus®
and to enhance proenkephalin gene expression in the peri-
aqueductal grey matter®. 8-endorphin is known to be a
more potent analgesic than morphine itself. All of these
brain areas are closely related to spinal and supraspinal
circuits regulating nociceptive pathways. Despite some
controversial results discussed in Box 1, this is consistent
with the suggestion of an involvement of both supra-
spinal p- and spinal k-receptors in the interaction between
opioid and cannabinoid systems that regulate nociception
in mice®”.

Hence, the cannabinoid-induced increase in the synthe-
sis or release of endogenous opioids, or both, might explain
the antinociceptive effects of cannabinoids. Additional data
suggest that cannabinoid-induced upregulation of opioid
gene expression occurs not only in pain-related brain and
spinal cord areas, but also in regions that regulate motor
behaviour, pituitary hormone secretion and reward. This
means that other pharmacological interactions between
opioids and cannabinoids, including addiction, could also
be explained through this mechanism. Thus, it has been
shown recently that prolonged administration of differ-
ent cannabinoid receptor agonists to rats increases pro-
enkephalin gene expression in the caudate-putamen,
nucleus accumbens, paraventricular and ventromedial
hypothalamic nuclei and medial mammilary nucleus®
(Fig. 3). On the basis that these areas are directly or indi-
rectly related to drug reinforcement, cannabinoid-induced
increase in proenkephalin gene expression might be
interpreted as part of a molecular integrative response to
behavioural and neurochemical alterations that might
occur in cannabinoid drug abuse.

Concluding remarks

According to the results discussed in this review, it
appears that opioids and cannabinoids share a number
of pharmacological actions that could be relevant in under-
standing the therapeutic potential of cannabinoids, par-
ticularly as analgesics. There is also an interconnected role
for cannabinoid and opioid receptors in brain regions medi-
ating addictive behaviours that might be of clinical interest.
Although some hypotheses have been presented and dis-
cussed here on the basis that they are not mutually exclu-
sive, the precise nature of the interaction between both
cannabinoid and opioid system remains to be more clearly
determined. With this purpose, these data suggest a canna-
binoid-induced increase in the synthesis or release, or both,
of opioid peptides as a potential mechanism to explain
some of these interactions. In the near future, elucidation of
the molecular substrates of these interactions might rep-
resent a crucial contribution regarding the usefulness of
cannabinoids as therapeutics and the role of these com-
pounds in the production of addiction and dependence.
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Chemical names

CP55940: (—)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)
phenyl]-trans-4-(3-hydroxy-propyl)cyclohexanol

SR141716A: N-piperidino-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)4-methyl-3-pyrazolecarboxamide

SR144528: N-([1s]-endo-1,3,3-trimethylbicyclo[2.2.1]heptan-
2-yl1)-5-(4-chloro-3-methylphenyl)-1-(4-methylbenzyl)-
pyrazole-3-carboxamide

WIN552122: R(+)-[2,3-dihydro-5-methyl-3-[(morpholinyl)
methyl]pyrrolo[1,2,3-de]-1,4-benzoxazin-yl]-(1-naphtal-
enyl)methanone

7TM receptors:
the splicing on the cake

Gavin J. Kilpatrick, Frank M. Dautzenberg,
Graeme R. Martin and Richard M. Eglen

Within a given family of seven transmembrane

domain (7TM) receptors, functional diversity is most
often afforded by the existence of multiple receptor
subtypes, each encoded by a distinct gene. However,
itis now clear that the existence of introns in genes
encoding some members of a receptor family provides
scope for additional diversity by virtue of splicing
events that result in the formation of different receptor
mRNAs and consequently distinct receptor isoforms.
A'large number of 7TM receptor splice variants have
now been shown to exist. In this article, the current
data on alternatively spliced variants for hormone

and neurotransmitter 7TMs are reviewed, their
potential physiological importance considered and
some of the issues pertaining to the classification

and nomenclature of receptor isoforms produced

in this way are addressed.

Seven transmembrane domain (7TM) receptors comprise
a large family of cell-surface proteins whose main role is
to bind ligands such as neurotransmitters and hormones
and to transduce their signal intracellularly. There is a
large diversity within the family and frequently several
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7TM receptors recognize the same endogenous ligand.
For example, 13 unique 7TM receptors have been identi-
fied for 5-HT, eight for glutamate, five for dopamine and
five for acetylcholine!. This complexity has made diffi-
cult the assignment of clear physiological roles to each
7TM especially as highly selective agonists and antagon-
ists for most 7TM receptors are unavailable. This situ-
ation is made even more complex by translational and
post-translational modifications of the RNA encoding
some of these receptors, which results in isoforms that
might exhibit quite different properties. In this review,
one of the most important mechanisms leading to physio-
logical diversity among 7TM receptors, namely variation
in splicing events, is considered.

Many 7TM receptor genes contain introns, which intro-
duce the possibility of variants due to alternative splic-
ing, exon skipping and intron retention. Variations in
gene-product splicing occur at the level of processing of
heteronuclear-RNAs (hn RNAs or pre-mRNAs) in the cell
nucleus. In genes with multiple exons, the introns are
removed. Alternative splicing pathways vary the particu-
lar introns to be deleted (Fig. 1) and this is an important
process for many gene families. A notable example, for a
non-7TM receptor family, is the neurexin family, where
three genes are thought to produce, in a combinatorial
fashion, thousands of alternatively spliced gene products,
many of which are functionally distinct?. The first 7TM
receptor for which splice variants were identified was the
dopamine D2 receptor. Monsma and colleagues®showed
that this receptor exists as two isoforms, either with or
without an additional 29 amino acids in the putative third
intracellular loop. There are now >30 7TM receptors for
which splice variants have been identified and their
potential physiological relevance is discussed in this
review. For the sake of brevity, the 7TM receptors con-
sidered are limited to those for hormone or neurotrans-
mitter ligands, and only splice variants where the basic
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