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Abstract In the digestive tract there is evidence for the presence of high lev-
els of endocannabinoids (anandamide and 2-arachidonoylglycerol) and enzymes
involved in the synthesis and metabolism of endocannabinoids. Immunohisto-
chemical studies have shown the presence of CB1 receptors on myenteric and
submucosal nerve plexuses along the alimentary tract. Pharmacological studies
have shown that activation of CB1 receptors produces relaxation of the lower oe-
sophageal sphincter, inhibition of gastric motility and acid secretion, as well as
intestinal motility and secretion. In general, CB1-induced inhibition of intesti-
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nal motility and secretion is due to reduced acetylcholine release from enteric
nerves. Conversely, endocannabinoids stimulate intestinal primary sensory neu-
rons via the vanilloid VR1 receptor, resulting in enteritis and enhanced motility.
The endogenous cannabinoid system has been found to be involved in the physi-
ological control of colonic motility and in some pathophysiological states, includ-
ing paralytic ileus, intestinal inflammation and cholera toxin-induced diarrhoea.
Cannabinoids also possess antiemetic effects mediated by activation of central
and peripheral CB1 receptors. Pharmacological modulation of the endogenous
cannabinoid system could provide a new therapeutic target for the treatment of
a number of gastrointestinal diseases, including nausea and vomiting, gastric ul-
cers, secretory diarrhoea, paralytic ileus, inflammatory bowel disease, colon cancer
and gastro-oesophageal reflux conditions.

Keywords Cannabinoid receptors · Intestinal motility · Intestinal secretion ·
Emesis · Intestinal inflammation · Feeding

1
Introduction

Preparations of Cannabis sativa (Indian hemp) have been used medicinally for the
treatment of a variety of gastrointestinal disorders, including gastrointestinal pain,
flatulence, gastroenteritis, Crohn’s disease, diarrhoea and diabetic gastroparesis
(Di Carlo and Izzo 2003). The main psychotropic constituent of Cannabis sativa is
∆9-tetrahydrocannabinol (∆9-THC), which exerts its biological effects mainly by
activating two G protein-coupled cannabinoid receptors (Pertwee and Ross 2002).
These are CB1 receptors, present in central and peripheral nerves, including the
enteric nervous system, and CB2 receptors, expressed mainly in immune cells.
A general feature of CB1 activation is the reduction of the release of a variety
of neurotransmitters (e.g. acetylcholine from enteric nerves), whereas there is
currently no evidence for a role for CB2 receptors in the gastrointestinal (GI) tract
(Di Carlo and Izzo 2003). Endogenous ligands for the cannabinoid receptors have
been identified, the best-known being anandamide, 2-arachidonoyl glycerol (2-
AG) (non-selective cannabinoid receptor agonists), noladin ether (CB1 receptor
agonist) and virodhamine (CB1 receptor antagonist/CB2 receptor agonist) (De
Petrocellis et al. 2004). When released, anandamide and 2-AG are removed from
extracellular compartments by a carrier-mediated re-uptake process. Once within
thecell, endocannabinoidsarehydrolysedby theenzymefattyacidamidehydrolase
(FAAH, also named anandamide amidohydrolase) (Sugiura et al. 2002). Also, 2-
AG has been shown to be degraded by monoglyceride lipase (monoacyl glycerol
lipase). Both FAAH and monoglyceride lipase have been demonstrated in the
intestine (Oleinik 1995; Katayama et al. 1997). In addition to the two cannabinoid
receptors, anandamide and 2-AG can also activate transient receptor potential
vanilloid subtype 1 (VR1, also known as TRPV1) receptors, the molecular target
for the pungent plant compound capsaicin (Zygmunt et al. 1999). Cannabinoid
receptors, their endogenous ligands (endocannabinoids) and the proteins involved
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in endocannabinoid inactivation (cellular reuptake and enzymatic degradation)
are collectively referred to as the endogenous cannabinoid system (ECS).

Although cannabinoids have a wide variety of biological actions, this article will
summarise the main studies dealing with the role of the ECS in the gut, including
the effects of cannabinoids on emesis.

2
The Endogenous Cannabinoid System in the Gut

There are several lines of evidence for a functional ECS in the GI tract. The enteric
responses to exogenous cannabinoid drugs show all the hallmarks of a receptor-
mediated mechanism, namely, high potency, chemical and stereo-selectivity and
structure–activity relationships (Coutts et al. 2000; Coutts and Pertwee 1997; Per-
twee 2001). This is coupled with the identification of high-affinity specific binding
sites that are saturable at low ligand concentrations and whose characteristics
resemble those in the brain (Casu et al. 2003; Ross et al. 1998). The presence of
CB1 receptors in rat intestine was demonstrated by radioligand autoradiography
with [3H]-CP 55,940 (Lynn and Herkenham 1994) and, more recently, in other
species by immunohistochemistry with selective antibodies raised against the N-
or C-terminus of the receptor (Casu et al. 2003; Coutts et al. 2002; Kulkarni-Narla
and Brown 2000; MacNaughton et al. 2003, 2004; Pinto et al. 2002b; Storr et al.
2004). CB1 receptor protein was found to be associated with cholinergic neurons
in both the submucous and myenteric plexuses in the pig, guinea-pig, rat and
mouse (Casu et al. 2003; Pinto et al. 2002b). Cholinergic neurons are identified by
the presence of cholinacetyl transferase (ChAT), the enzyme responsible for the
synthesis of acetylcholine (ACh). The GI tract of the pig, an omnivorous animal,
shares many similarities with that of humans. In cross-sections of the porcine
gut, colocalisation experiments indicated that CB1 receptors were not expressed
by nitrergic nor vasoactive intestinal peptide (VIP)-immunoreactive inhibitory
neurons (Kulkarni-Narla and Brown 2000). This was also true in guinea-pig tissue,
where all CB1 receptor immunoreactivity was associated with excitatory neurons
(Coutts et al. 2002; Kulkarni-Narla and Brown 2000). In primary culture, porcine
myenteric CB1-positive cells also expressed κ- or ∂-opioid receptor-like immunore-
activity, in line with their functional sensitivity to opioid ligands (Poonyachoti et
al. 2002). Unlike those from the guinea-pig, pig myenteric neurons do not appear
to express µ-opioid receptors (Brown et al. 1998). Analysis of the CB1 receptor im-
munoreactivity of myenteric ganglionic neurons in whole mounts of the guinea-pig
myenteric plexus-longitudinal muscle preparation (MP-LMP) allowed visualisa-
tion of the cellular morphology, unavailable in cross sections. Images showed CB1

receptor expression in the somata of both Dogiel cell types I and II and punc-
tate expression on neurites of sensory neurons, interneurons and motoneurons,
as identified by colocalisation with selective neuronal markers, e.g. calbindin,
neurofilament proteins and calretinin (Coutts et al. 2002). There was also a close
association with the synaptic protein, synapsin 1, although the limited resolu-
tion of the confocal microscope proscribed analysis of the synaptic distribution
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of these receptors. Similar results were found in guinea-pig colon and rat ileum
preparations, though the quantitative distribution of cholinergic subpopulations
varied between tissue types (Coutts 2004; Coutts et al. 2002). In mouse intestine,
CB1 receptor labelling was found throughout the GI tract but was most intense in
the ileum. In the stomach, the receptors occurred in submucosal ganglia adjacent
to the gastric epithelium and also between the smooth muscle layers (Casu et al.
2003; Storr et al. 2004).

CB1 receptor mRNA was detected in the GI tract of the rat, mouse and guinea-pig
(Izzo et al. 2003; Storr et al. 2002). In whole gut homogenates from the guinea-
pig, CB1 receptor and CB2 receptor-like mRNA transcripts were detected, whereas
only CB1 receptor mRNA was found in the myenteric plexus (Griffin et al. 1997).
CB1 receptor mRNA was also detected in human colon (Shire et al. 1995). Reverse
transcription-polymerase chain reaction (RT-PCR) found both CB1 receptor and
CB2 receptor mRNA in the rat stomach and mouse small intestine (Izzo et al. 2003;
Storr et al. 2002). The expression level of CB1 receptor mRNA in the latter was
upregulated after treatment with cholera toxin (Izzo et al. 2003).

Burdyga and colleagues have recently reported that vagal afferent neurons pro-
jecting to the rat stomach and duodenum co-express cholecystokinin (CCK)-1 and
CB1 receptors and that the expression of CB1 receptors was increased by withdrawal
of food and decreased after refeeding (Burdyga et al. 2004). Changes in CB1 expres-
sion were blocked by administration of the CCK-1 receptor antagonist lorglumide
(i.p.) and mimicked by administration of CCK (a satiety factor). Rat intestinal
anandamide levels also increased after food deprivation (with normalisation after
refeeding) and peripheral (but not central) administration of the CB1 antagonist
SR141716A-suppressed food intake (Gomez et al. 2002). This is consistent with the
observation of an anorexic action of SR141716A in obese humans (Heshmati et al.
2001), suggesting a role for peripheral CB1 receptors in the regulation of feeding.

Of the endogenous ligands mentioned in the introduction, to date the effects of
anandamide and its analogues, 2-AG, which was first isolated from canine ileum,
and noladin ether, have been investigated in the GI tract. Noladin ether (i.p.)
significantly reduces the defaecation rate in mice (Hanus et al. 2001). Interest-
ingly, intestinal anandamide levels increase after food deprivation (Gomez et al.
2002) or in some pathophysiological states, including experimental ileus (Mas-
colo et al. 2002), cholera toxin-induced diarrhoea (Izzo et al. 2003) and cancer
(patients with adenomatous polyps and carcinomas) (Ligresti et al. 2003). Unlike
most hydrophilic neurotransmitters, lipophilic endocannabinoids are not stored in
synaptic vesicles, but appear to be synthesised and released on demand. Both anan-
damide and 2-AG are metabolised by the microsomal enzyme FAAH (Katayama
et al. 1997; Ueda and Yamamoto 2000) following uptake by selective membrane
uptake processes (Izzo et al. 2001c). This uptake carrier mechanism can be inhib-
ited by AM404 (Pertwee 2001) or VDM11 (Izzo et al. 2003; Mascolo et al. 2002),
thus preventing metabolism and potentiating any agonist effect. Although FAAH
can catalyse both the synthase and hydrolase reactions, the synthase/hydrolase
ratio (5.0) is particularly high in the rat small intestine compared with other rat
tissues (Katayama et al. 1997). In the same study, FAAH mRNA was confirmed by
Northern blots. This enzyme is thought to exert tonic control of local anandamide
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levels, and its activity can be reduced by exogenous phenylmethylsulphonyl fluo-
ride (PMSF) (Pertwee et al. 1995) and thus can potentiate the weak agonist activity
of anandamide observed in vitro. The presence of specific receptors and endoge-
nous ligands together with their synthetic and catabolic enzymes is strong support
for a functional endocannabinoid system in the GI tract.

However,morepersuasive evidence forongoingactivity in this systemcanbede-
rived from the responses to selective CB1 receptor antagonists, mainly SR141716A,
but also AM281 or AM630, in the absence of any exogenous agonist. The direc-
tion of these responses is invariably opposite to that which would be expected
of a cannabinoid receptor agonist and a useful summary is provided by Pinto et
al. (2002a). In mice and rats, SR141716A increased motility, transit, defaecation,
fluid accumulation and peristaltic contractions (Casu et al. 2003; Colombo et al.
1998; Izzo et al. 1999b, 2003, 2000a,b; Mancinelli et al. 2001; Pinto et al. 2002b).
In the rat stomach, SR141716A increased the occurrence of transient lower oe-
sophageal sphincter relaxations (Lehmann et al. 2002), and AM630 potentiated
nonadrenergic–noncholinergic (NANC)-evoked relaxations of the fundus (Storr
et al. 2002). SR141716A was first shown to increase neurotransmission and ACh
release in the guinea-pig MP-LMP (Coutts et al. 2000; Coutts and Pertwee 1997;
Pertwee et al. 1996). SR141716A increased maximal ejection pressure during the
emptying phase of peristalsis in the guinea pig ileum (Izzo et al. 2000a) and both
tonic and phasic motor activity in the colonic longitudinal smooth muscle in the
isolated colon of mouse subjected to electrically evoked peristalsis (Mancinelli et
al. 2001). These data suggest that peristaltic activity may be tonically inhibited
by the endocannabinoid system. Interestingly, the facilitation of peristalsis in the
guinea-pig was not observed by Heinemann (1999), suggesting a possible vari-
ability of endocannabinoid tone. Facilitatory effects of SR141716A have also been
found on the cholinergic and NANC-mediated contractions of the circular muscle
(Izzo et al. 1998). However, in view of the reported inverse agonist properties of
SR141716A, it is not possible to determine, conclusively, whether its GI actions are
due to antagonism of endocannabinoids or to the presence of CB1 receptors that
are precoupled to their effector mechanisms (inverse agonism). When tested on
human innervated longitudinal muscle strips, SR141716A alone appeared to have
no discernable effects (Croci et al. 1998; Manara et al. 2002).

3
Gastrointestinal Motility

The predominant action of cannabinoid receptor agonists on the GI tract is an
inhibitory effect on gastrointestinal motility, reminiscent of the neuromodulatory
response to presynaptic µ-opioid receptor or α2-adrenoceptor activation of cholin-
ergic, postganglionic parasympathetic neurons. The mechanisms underlying this
effect have been studied chiefly in the GI tract of small rodents, but also in man and
the pig. Here we shall review the findings of studies carried out in vitro (Sect. 3.1,
below) and in vivo (Sect. 3.2).
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3.1
In Vitro Studies

3.1.1
Effects on Excitatory Neuronal Pathways

Thedepressant effectsof cannabinoid receptoractivationongastrointestinalmotil-
ity, as observed in vitro are, principally, the inhibition of evoked cholinergic and
NANC contractile responses. Studies have focussed on the inhibition of the peri-
staltic reflex in segments of whole intestine, on the inhibition of evoked contrac-
tions of longitudinal or circular smooth muscle preparations or on the reduction
of excitatory neurotransmitter release. Early experiments with ∆9-THC and some
of the more non-polar organic fractions of tincture of Cannabis (British Phar-
maceutical Codex) indicated the ability of putative cannabinoid receptor agonists
to inhibit the contractile responses of the guinea-pig ileum without affecting re-
sponses to exogenous ACh (see review by Pertwee 2001). The peristaltic reflex can
be reproduced in intestinal segments maintained in vitro. The synthetic cannabi-
noid receptor agonists WIN 55,212-2 (0.3–300 nM) significantly decreased lon-
gitudinal muscle reflex contraction, compliance and maximal ejection pressure,
while increasing the threshold pressure and volume required to elicit peristalsis
in guinea-pigs (Izzo et al. 2000a). At maximal agonist concentrations, peristalsis
was completely prevented. These effects were insensitive to the opioid antagonist
naloxone, the α2-adrenoceptor antagonist, phentolamine or the CB2 receptor se-
lective antagonist SR144528 (0.1 µM). However, blockade was achieved with the
CB1 receptor-selective antagonist SR141716A (0.1 µM), thus indicating selective
activation of cannabinoid CB1 receptors. Methanandamide, a more stable analogue
of anandamide, similarly increased the peristaltic pressure threshold and inhibited
the ascending circular muscle contraction (Heinemann et al. 1999). The methanan-
damide response was antagonised by SR141716A and also by apamin and reduced
by the NO synthase inhibitor, N-nitro-l-arginine methyl ester (l-NAME) implying
a possible involvement of apamin-sensitive Ca2+-activated K+ channels and nitric
oxide (Heinemann et al. 1999). Thus, inhibition by cannabinoids may affect exci-
tatory or inhibitory components of the reflex. These data are consistent with the
ability of apamin to reduce cannabinoid CB1-mediated inhibition of cholinergic
transmission in the guinea-pig ileum (Izzo et al. 1998).

Paton and Zar (1968) described the dissection of the MP-LMP of the guinea-pig
small intestine. This preparation has been invaluable in the study of neurotrans-
mission from the myenteric plexus to the longitudinal smooth muscle, particularly
by opioids and cannabinoids, without the confounding effects of the peristaltic re-
flex. A similar preparation has been used to study neuromuscular transmission to
the circular smooth muscle (Izzo et al. 1998). Contractions of MP-LMP induced
by electrical field stimulation (EFS) were potently inhibited in a concentration-
dependent fashion by the cannabinoid receptor agonists CP 55,940, CP 50,556,
WIN 55,212-2, nabilone, CP 56,667, ∆9-THC and cannabinol (Coutts and Pertwee
1997; Pertwee 2001). This inhibition was competitively and reversibly antagonised
by SR141716A, without any effect on the inhibitory responses to normorphine
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(µ-opioid receptor agonist) or clonidine (α2-adrenoceptor agonist) and indicated
an involvement of CB1 receptors. Therefore, electrically stimulated isolated prepa-
rations from the guinea-pig ileum have been used to demonstrate the high potency
and stereoselectivity of CB1 receptor agonists (Nye et al. 1985; Pertwee 2001; Per-
twee et al. 1992, 1995, 1996). The rank order of potency of agonists correlates well
with their affinities for CB1 receptor binding sites in brain tissue and their known
psychotropic effects (Pertwee 1997; Pertwee et al. 1992, 1996). The findings that
the cannabinoid-induced inhibition of the guinea-pig MP-LMP was augmented by
lowering the extracellular calcium concentration or attenuated by incubating the
tissue with forskolin, 8-bromo-cyclic adenosine monophosphate (8-bromo-cAMP)
or with the phosphodiesterase inhibitor 3-isobutyl-1-methyl xanthine supports
the known signal transduction mechanisms for CB1 receptors (Coutts and Per-
twee 1998). Similar cannabinoid inhibitory effects on evoked responses have been
reported for longitudinal strips of human tissue (Croci et al. 1998).

In a single electrophysiological analysis of intracellular recordings from myen-
teric neurons of the guinea-pig MP-LMP, WIN 55,212-2 or CP 55,940 were found
to inhibit fast and slow excitatory synaptic transmission. In a subset of the neu-
rons tested, this effect was reversed by SR141716A (López-Redondo et al. 1997).
Both cholinergic and NANC responses of circular smooth muscle due to EFS
were presynaptically inhibited by cannabinoids by a mechanism that was sen-
sitive to SR141716A but not l-NAME or naloxone (Izzo et al. 1998). Only the
cholinergic component of this response was sensitive to attenuation by apamin,
suggesting the involvement of Ca2+-activated K+ channels. The contractile re-
sponses to γ-aminobutyric acid or 5-hydroxytryptamine, agents that release ACh
in the intestine, have been shown to be reduced by ∆9-THC or its analogues (Rosell
and Agurell 1975; Rosell et al. 1976). There is some evidence that the release of
adenosine, which also inhibits cholinergic neuromuscular transmission in this
preparation, is susceptible to modulation via CB1 receptor activation (Begg et al.
2002a).

3.1.2
Effects on Inhibitory Neurotransmission

There is evidence that cannabinoids affect enteric inhibitory transmission in ro-
dents. Storr and colleagues used standard intracellular recording techniques to
study the effect of cannabinoid drugs on enteric transmission (Storr et al. 2004).
Focal electrical stimulation of intrinsic neurons of isolated strips of the mouse
proximal colon induced a transient excitatory junction potential (EJP, abolished
by atropine) followed by a fast (transient) inhibitory junction potential (fIJP,
which represents the apamin-sensitive component of inhibitory transmission) and
a slow (sustained) inhibitory junction potential (sIJP, which represents the nitric
oxide-dependent component of inhibitory transmission). WIN 55,212-2 signifi-
cantly reduced EJP and the fIJP (an effect sensitive to the CB1 receptor antagonist
SR141716A), but not sIJP; given alone, SR141716A significantly increased EJP,
while fIJP and sIJP remained unchanged (Storr et al. 2004). These data suggest that
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cannabinoids, via CB1 receptor activation, might reduce the apamin component
(which is mediated by ATP or related purines) of the inhibitory transmission in
the mouse colon. Other indirect evidence was provided by Heinemann and col-
leagues, which showed that methanandamide depressed intestinal peristalsis with
a mechanism involving, at least in part, facilitation of inhibitory pathways operat-
ing via apamin-sensitive K+ channels and nitric oxide (Heinemann et al. 1999) as
mentioned above (Sect. 3.1.1). The effects of cannabinoids on the smooth muscle
relaxation of the isolated gastric fundus in response to EFS of NANC innervation
are not clear. In rat preparations (Storr et al. 2002), both excitatory cholinergic and
NANC transmission were reduced by WIN 55,212-2 and anandamide. Only the
anandamide responses were antagonised by the cannabinoid receptor antagonist
AM630. By itself, AM630 had no effect on the contractile responses but facilitated
the relaxation. This latter effect implied the presence of an ongoing endocannabi-
noid tone that reduced the NANC neurotransmission. In contrast, Todorov et al.
(2003) found no response to anandamide (0.1–10 µM) in the isolated gastric fundus
of the guinea-pig. Whether this is due to a species difference or whether the anan-
damide was metabolised before it could produce a measurable response is unclear.
No other, more potent cannabinoid receptor agonist was tested in this study, in
which evidence suggested that the NANC response was mediated by nitric oxide
and cyclic guanosine monophosphate (cGMP).

3.2
In Vivo Studies

3.2.1
Lower Oesophageal Sphincter

Lower oesophageal sphincter (LOS) relaxation is the chief mechanism for gastro-
oesophageal reflux, and thus represents a potential target in the treatment of
gastro-oesophageal reflux disease. The principal anatomical components of LOS
relaxation are afferent gastric pathways, brainstem integrative centre, and efferent
inhibitory pathways to the lower oesophageal sphincter. Functional studies have
shown that i.v. administration of the cannabinoid receptor agonists WIN 55,212-
2 and ∆9-THC inhibited (via CB1 receptor activation) LOS relaxation in dogs
(Lehmann et al. 2002) and ferrets (Partosoedarso et al. 2003), the effect being asso-
ciated, at least in the dog, with the inhibition of gastro-oesophageal reflux (Lehman
et al. 2002). The CB1 receptor antagonist SR141716A, administered alone, stimu-
lated the LOS relaxation incidence and increased the number of reflux episodes
and swallowing rate, suggesting an involvement of endocannabinoids in ongoing
suppression of LOS relaxation. The most likely site of action is via the CB1 receptor
within the central pattern generator thought to control LOS relaxation. Indeed
(1) direct application of ∆9-THC to the dorsal hindbrain surface attenuated LOS
relaxation in ferrets (Partosoedarso et al. 2003) and (2) WIN 55,212-2 reduced
the rate of LOS relaxation without altering other characteristics of simultaneous
oesophageal contraction in dogs (Lehmann et al. 2002). This is in agreement with
the observation that CB1 receptor staining is present in cell bodies within the area
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postrema, nucleus tractus solitarius and nodose ganglion (Partosoedarso et al.
2003).

3.2.2
Gastric Motility

Experimental studies performed in the rat have shown that CB1 receptors modulate
gastric motility. A number of cannabinoid receptor agonists, including ∆9-THC,
WIN 55,212-2, CP 55,940 and cannabinol reduced gastric motility, and this effect
was antagonised by the CB1 receptor antagonist SR141716A, but not by the CB2

receptor antagonist SR144528 (Izzo et al. 1999a; Krowicki et al. 1999; Landi et
al. 2002). However, in contrast to the small intestine and the colon, SR141716A,
administered alone to the stomach, does not produce any inverse cannabimimetic
effects. Most notably, intravenous ∆9-THC inhibited gastric motility and decreased
intragastric pressure in anaesthetised rats. Also, the application of ∆9-THC directly
to the dorsal surface of the medulla evoked very slight changes in gastric motor
activity. Both ganglionic blockade and vagotomy, but not spinal cord transection,
abolished the gastric motor effects of peripherally administered ∆9-THC (Krowichi
et al. 1999). Taken together, these data indicated that the gastric effects of system-
ically administered ∆9-THC depend on intact vagal circuitry.

In agreement with animal data, a double-blind randomised placebo-controlled
study performed on 13 healthy volunteers showed that oral ∆9-THC, at a dose
used for preventing chemotherapy-induced nausea and vomiting (10 mg/m2),
significantly delays gastric emptying of solid food in all subjects (McCallum et
al. 1999). In contrast, Bateman (1983) found that, in humans, gastric emptying
(monitored by a real real-time ultrasound technique) of liquids was unaffected by
∆9-THC (0.5 and 1 mg/kg i.v., a dose that produced cannabis-like psychomotor
and psychological effects). Apart from the different doses and techniques used to
measure motility in the two studies, it should be noted that gastric emptying of
liquids is mediated by a different mechanism from emptying of solids.

3.2.3
Upper Intestinal Motility

The effect of cannabinoid drugs on upper intestinal motility has been generally
studied by evaluating the distance travelled by a non-absorbable marker (e.g. char-
coal) from the pylorus to the caecum. Since the marker was given intragastrically,
this method does not distinguish between an effect on stomach emptying and
transit through the small intestine. Exceptions are the studies by Shook and Burks
(1989) and Landi and colleagues (2002) in which the marker was given intraduo-
denally and motility measured along the small intestine only.

Dewey et al. (1972) first reported that ∆9-THC delayed gastrointestinal transit
in mice. These results were confirmed by Chesher and colleagues (1973) who
also showed that ∆8-THC and three different Cannabis extracts dose-dependently
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reduced the passage of a charcoal meal in mice. ∆8-THC and ∆9-THC were shown
to be equipotent, while cannabidiol was inactive (Chesher et al. 1973). In a more
complete study, Shook and Burks (1989) showed that ∆9-THC and cannabinol
slowed small intestinal transit when injected intravenously in mice and rats, with
∆9-THC being equipotent to morphine.

More recently, the ability of cannabinoids to reduce intestinal motility has
been related to their ability to activate cannabinoid CB1 receptors. Studies have
shown that the endogenous ligand anandamide, the natural agonist cannabinol
and the synthetic agonists WIN 55,212-2 and CP 55,940 inhibited gastrointestinal
transit motility in mice (Calignano et al. 1997; Colombo et al. 1998b; Izzo et al.
1999b, 2000b, 2001b) an effect counteracted by SR141716A, but not by SR144528.
Notably, the inhibitory effect of anandamide was not reduced by the VR1 receptor
antagonist capsazepineorbyachronic treatmentwith capsaicin (a treatmentwhich
ablates capsaicin-sensitive afferent neurons) (Izzo et al. 2001a), thus implying that
the effect of anandamide on intestinal transit is independent of VR1 receptor
activation. SR141716A, but not SR144528, administered alone, increased upper
gastrointestinal transit, implying the existence of ongoing background activity of
CB1 receptors due to either tonic release of endocannabinoids or precoupled CB1

receptors.
WIN 55,212-2 and cannabinol were significantly more effective when adminis-

tered intracerebroventricularly (i.c.v.) than when administered intraperitoneally
(Izzoet al. 2000b), suggestingacentral siteof action.However, centralCB1 receptors
probably contribute little to the effect of peripherally administered cannabinoids,
as the effect of i.p.-injected cannabinoid receptor agonists was not modified by
the ganglion blocker hexamethonium (Izzo et al. 2000b). The primary role of pe-
ripheral CB1 receptors was emphasised by the observation that i.c.v.-administered
SR141716A did not significantly reduce the effect of i.p. WIN 55,212-2 (Landi et al.
2002).

Palmitoylethanolamide (PEA) is an endogenous fatty acid ethanolamide that
shares somepharmacological actionswith∆9-THCandwith theendocannabinoids
anandamide and 2-AG (Lambert et al. 2002). However PEA does not bind to CB1

and CB2 receptors. Capasso and colleagues (2002) reported that i.p.-injected PEA
inhibited upper gastrointestinal transit, both in control and in intestine-inflamed
mice, and this effect was not antagonised by the cannabinoid receptor antagonists
SR141716A or SR144528; moreover, the PEA effect was unaffected by the NO
synthase inhibitor l-NAME, the α2-adrenoceptor antagonist yohimbine, the opioid
receptor antagonist naloxone or the nicotinic receptor antagonist hexamethonium.

3.2.4
Motility in the Colon

Pinto and colleagues provided immunohistochemical and pharmacological evi-
dence supporting a role for the endocannabinoids and myenteric CB1 receptors
in regulating colonic motility in vivo in mice (Pinto et al. 2002b). Motility was
assessed by measuring the time required for expulsion of a glass bead inserted
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2 cm into the distal colon. It was found that the non-selective cannabinoid recep-
tor agonists cannabinol, anandamide and WIN 55,212-2, as well as the selective
CB1 receptor agonist arachidonyl-2-chloroethylamide (ACEA) decreased motility
in an SR141716A-sensitive manner. The hypothesis for a local endocannabinoid
tone controlling propulsion was strengthened by the following findings: (1) un-
usually high amounts of endocannabinoids were present in the mouse colon; (2)
a stimulatory action on colonic propulsion occurred after selective blockade of the
CB1 receptor with SR141716A; and (3) an inhibitory effect on colonic propulsion
occurred after inhibition of endocannabinoid re-uptake with VDM11. Consis-
tent with these in vivo results, CB1 receptors mediate the antiperistaltic effects of
WIN 55,212-2 in the mouse isolated colon (Mancinelli et al. 2001).

4
Intestinal Secretion

Taking short circuit current (Isc) as an indicator of net electrogenic ion transport in
Ussing chambers, itwas shown that the cannabinoid receptor agonist WIN55,212-2
reduced (via CB1 receptor activation) the secretory response to EFS (which is me-
diated mainly by acetylcholine release from submucosal secretomotor neurons)
and capsaicin (which evokes neurotransmitter release such as acetylcholine by
activating extrinsic primary afferents) in the rat (Tyler et al. 2000) and guinea-pig
ileum (MacNaughton et al. 2004). The inhibitory effect of WIN 55,212-2 was on the
enteric nerves, and not on the epithelial cells, since the Isc response to forskolin and
carbachol, which act directly on the epithelium to elicit secretion, were unaffected
by WIN 55,212-2 pretreatment. Moreover, in extrinsically denervated segments
of guinea-pig ileum, the inhibitory effect of WIN 55,212-2 on the response to
EFS was completely lost, suggesting a predominant role for capsaicin-sensitive
extrinsic primary afferent nerves that innervate submucosal secretomotor neu-
rons (MacNaughton et al. 2004). In agreement, immunohistochemical studies have
shown that CB1 receptors are present on submucosal neurons and extrinsic pri-
mary afferent nerves in the submucosa of the small intestine (MacNaughton et al.
2004).

5
Gastrointestinal Signs of Tolerance and Dependence

Chronic treatment with cannabinoids can induce a state of tolerance to their in-
hibitory effects in the gastrointestinal tract. Studies of this phenomenon have been
performed predominantly with pieces of tissue excised from chronically treated
animals (ex vivo) or on isolated tissues pretreated in vitro with a cannabinoid
receptor agonist. These investigations were comprehensively reviewed by Pertwee
(2001) and will be summarised here.

In mice, the inhibition of transit by daily oral ∆9-THC was reduced for up
to 19 days post-treatment (Anderson et al. 1975). Similarly, ∆9-THC (s.c.) for
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3 days reduced the sensitivity of mouse MP-LMP to CP 55,940 compared with
vehicle-pretreated littermates, when tested 24–28 h after the final injection (Per-
twee et al. 1998). In addition, tolerance to ∆9-THC and CP 55,940 could be demon-
strated in the MP-LMP of guinea-pigs receiving ∆9-THC (10 mg.kg–1) i.p. daily for
2 days. In tolerant animals, a reduction was observed in the maxima of agonist log
concentration–response curves. This was thought to indicate a down-regulation of
receptor expression and/or coupling efficiency (Pertwee et al. 1998).

A form of tolerance was induced in guinea-pig ileal segments in vitro by in-
cubation with WIN 55,212-2 (50 nM) for 5 h. At the end of incubation, the size
of electrically evoked contractions was not significantly different from untreated
preparations (Basilico et al. 1999). MP-LMP from human ileum or distal jejunum,
pretreated for 48 h with (+)- or (–)-WIN 55,212 (10 µM), or vehicle alone at 18°C
were tested for their sensitivity to subsequent doses of the active isomer, (+)-
WIN 55,212 or to SR141716A (Guanini et al. 2000). Those preparations pretreated
with (+)-WIN 55,212 but not (–) WIN 55,212 were insensitive to the inhibitory ef-
fects of (+)-WIN 55,212 on the evoked contractions. In addition, SR141716A (1 µM)
significantly enhanced the contractile responses in (+)-WIN 55,212-pretreated
preparations but not those treated with the (–) isomer or the vehicle, dimethylsul-
foxide (DMSO). Earlier reports had shown SR141716A not to have inverse agonist
effects on human fresh innervated preparations (Croci et al. 1998). This in vitro
inverse response to SR141716A supports the “withdrawal” diarrhoea observed on
treatment of ∆9-THC-tolerant dogs with SR141716A. Work in non-GI tissues sug-
gests that selective kinases may be involved in the development of cannabinoid
tolerance (Lee et al. 2003).

Opioids and cannabinoids are among the most widely consumed drugs of abuse
in humans; therefore, cross-tolerance or interactivity have been investigated with
the two drugs in the GI tract. Basilico et al. (1999) found dextral shifts in the log
concentration-response curves for the inhibition of electrically evoked contrac-
tions for both (+)-WIN 55,212 and morphine in guinea-pig MP-LMP’s that had
been preincubated for 5 h with either drug. However, in ex vivo preparations from
∆9-THC-tolerant guinea-pigs (Pertwee et al. 1998), tolerance was not found to the
inhibitory responses to normorphine or clonidine (presynaptic α2-adrenoceptor
agonist). Early in vivo studies showed that increases in GI activity (diarrhoea
and increased defaecation) and other abstinence signs precipitated by naloxone in
morphine-dependent rats could be reduced in a dose-related fashion by ∆9-THC
but not cannabidiol (Hine et al. 1975). Such observations led to hopes for poten-
tial treatment of opiate addicts with cannabinoids. An interesting phenomenon
observed in the absence of electrical stimulation of morphine-tolerant guinea-pig
MP-LMP in vitro is a fast withdrawal contracture in response to naloxone; this is
not mimicked by exposure of cannabinoid-tolerant tissues to SR141716A (personal
communication). However, the in vitro naloxone “withdrawal” contraction can be
significantly reduced by (–)- but not (+)-∆9-THC (95 nM) by a presynaptic mech-
anism (Frederickson et al. 1976). This cross tolerance was confirmed by Morrone
et al. (1993) with cannabis extract (equivalent to 5.2 µM ∆9-THC) in segments of
guinea-pig ileum and rabbit jejunum that had been exposed for 5 min to either
morphine or the κ-opioid receptor agonist, U-50,488H. The induction of opioid
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and cannabinoid tolerance by incubation of guinea-pig MP-LMP for 5 h with mor-
phine could be prevented by the addition of (+)-WIN 55,212 (50 nM), as shown by
loss of the naloxone-precipitated withdrawal response, which is evident as a slow,
sustained contraction. The mechanism responsible for this contraction is thought
to be a cannabinoid-sensitive release of endogenous ACh, 5-hydroxytryptamine
and/or substanceP frommyenteric neurons into theneuromuscular space (Basilico
et al. 1999; Frederickson et al. 1976).

In the CNS, recent work suggests that the endocannabinoid system is involved in
the development of opioid tolerance. In morphine-tolerant rats, autoradiographic
binding showed a slight but significant reduction in cannabinoid receptor level in
the cerebellum and hippocampus, whereas in the limbic area there was a strong
decrease (40%) in receptor/G protein coupling (CP 55,940-stimulated [35S]GTPγS
binding).Chronicmorphineexposureproducedastrongreduction in2-AGcontent
without changes inanandamide levels in several brain regions (i.e. striatum, cortex,
hippocampus, limbic area and hypothalamus) (Vigano et al. 2003).

6
Cannabinoids in Pathological States

6.1
Emesis

Although the antiemetic potential has been recognised for decades, and cannabi-
noids such as the natural ∆9-THC or the synthetic cannabinoid nabilone are ef-
fectively used in humans (Tramer et al. 2001), the molecular mechanism by which
cannabinoids prevent vomiting was only recently ascertained. Immunohistochem-
istry identified CB1 receptors and FAAH in areas involved in emesis, including the
dorsal vagal complex (DVC) (area postrema and nucleus of the solitary tract,
NTS) and the dorsal motor nucleus of the vagus (DMN) (Van Sickle et al. 2001).
Functional studies aimed at investigating the role of the endogenous cannabinoid
system in nausea and emesis have been performed in both vomiting (i.e. least
shrews, ferrets) and non-vomiting (i.e. rats) species. Emesis has been induced
mainly by cisplatin or opioids in vomiting species, while conditioned rejection re-
actions, which may reflect a sensation of nausea, have been elicited in rats mostly
by lithium chloride.

A number of cannabinoid receptor agonists (given i.p.), including CP 55,940, ∆9-
THC, WIN 55,212-2 and (–)-11-OH-∆8-THC dimethylheptyl (HU-210) prevented
cisplatin-induced emesis in the least shrew (Darmani 2001a,b; Darmani et al.
2003b), opioid-induced emesis in ferrets (Simoneau et al. 2001; Van Sickle et
al. 2001) or lithium-induced conditioned rejection reactions in rats (Parker and
Mechoulam 2003; Parker et al. 2003). These effects were mediated by CB1 receptors,
since they were counteracted by selective receptor antagonists such as SR141716A
or AM251. Furthermore, the order of potency for reducing both the frequency of
emesis and the percentage of shrews vomiting was CP 55,940>WIN 55,212-2>∆9-
THC, which is consistent with an action on the CB1 receptor (Darmani 2001a,b).
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However, in the least shrew, unlike ∆9-THC and WIN 55,212-2, the antiemetic
activity of CP 55,940 occurs at motor-suppressant doses (Darmani et al. 2003b).

The site of action of cannabinoid receptor agonists has been investigated in
ferrets by comparing the effect of ∆9-THC applied locally to the surface of the
brain stem against the emesis induced by intragastric hypertonic saline and, most
importantly, by measuring Fos expression induced by cisplatin (Van Sickle et al.
2003). It was found that the anti-emetic effects of cannabinoids are mediated by
CB1 receptors on pathways related to vagal gastric function either centrally, in the
area postrema and DVC, or at the peripheral endings of abdominal vagal efferents.
Specifically, CB1 receptors may be involved at three sites: (1) CB1 receptors on the
terminals of primary afferent fibres from the stomach and duodenum could reduce
the input indicating intestinal distress and reduce the resulting episodes of emesis,
(2) CB1 receptors on the terminals of interneurons within the NTS could reduce
the input to the DMN and therefore reduce emesis, and (3) CB1 receptors on the
terminals of NTS projection neurons could modulate input from the area postrema
or directly reduce excitatory transmission to the DMN. Since the chemosensors of
the area postrema are located outside the blood–brain barrier, cannabinoids which
do not cross this barrier may have antiemetic actions devoid of psychotropic side-
effects.

Experimental evidence suggests that an ECS may be present in the brain stem
centres that modulate emesis. Indeed, CB1 receptor antagonists caused emesis
when given alone to the least shrews (Darmani 2001a) and also potentiated the
emetic response to opioids in the ferret (Van Sickle et al. 2001) as well as lithium-
induced nausea in a rat model of nausea (Parker et al. 2003). In the least shrews,
the emetic effect of SR141716A was associated with increased forebrain levels of
5-hydroxytryptamine and dopamine (Darmani et al. 2003a). Inconsistent with the
putativeantiemetic actionof theendogenouscannabinoid systemis thepotent abil-
ity of the endocannabinoid 2-AG (but not anandamide) to induce emesis in shrews.
This effect is blocked by a non-emetic dose of SR141716A, by the cannabinoid re-
ceptor agonist CP 55,940, WIN 55,212-2 or ∆9-THC and by the cyclo-oxygenase
inhibitor indomethacin (Darmani 2002). It has been hypothesised that exogenous
2-AG may elicit its emetic response by acting in brain areas involved in emesis
to reduce anti-emetic tone through the displacement from CB1 receptors of an
endogenous CB1 receptor agonist with greater efficacy.

Finally, it should be noted that cannabidiol, a natural cannabinoid that does not
activate cannabinoid receptors, suppresses lithium-induced conditioned rejection
reactions in a rat model of nausea (Parker et al. 2002) and also potentiates the
antiemetic effect of ondansetron and ∆9-THC in the musk shrew (Kwiatkowska et
al. 2004).

6.2
Gastric Ulcer

The gastric antisecretory and antiulcer activity of cannabinoids was first observed
in the late 1970s, when it was found that ∆9-THC reduced gastric juice volume and
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ulcer formation after ligation of the pylorus (Shay rat test) (Sofia et al. 1978). More
recently, it has been shown that the cannabinoid receptor agonist WIN 55,212-
2 reduced, in an SR141716A-sensitive manner, stress-induced gastric ulcers in
rats (Germanò et al. 2001). The antiulcerative effect of WIN 55,212-2 may well be
related to its antisecretory effect (Adami et al. 2002; Coruzzi et al. 1999). Indeed, the
non-selective cannabinoid receptor agonists WIN 55,212-2 and HU-210 decreased
(via CB1 activation) the acid secretion induced by indirectly acting secretagogues,
such as 2-deoxy-d-glucose (which stimulated acid secretion by increasing the
efferent activity of the vagus nerve) and pentagastrin (which acts partly through
a cholinergic pathway). These observations were made in anaesthetised rats in
which the secretion induced by the activation of parietal cell H2 receptors by
histamine was unaffected, which is consistent with the absence of CB1 receptors
on parietal cells (Adami et al. 2002). Bilateral cervical vagotomy and ganglionic
blockade, but not atropine treatment, significantly reduced, but did not abolish,
the inhibitory effect of HU-210. These results indicate that gastric antisecretory
effects of cannabinoids are mediated by suppression of vagal drive to the stomach
through activation of CB1 receptors, located on pre- and postganglionic cholinergic
pathways. In addition, the ineffectiveness of atropine suggests CB1 receptors may
regulate the release of non-cholinergic secretory neurotransmitters.

6.3
Intestinal Inflammation

Many patients with inflammatory bowel disease anecdotally report that they expe-
rience relief by smoking marijuana (Di Carlo and Izzo 2003). Furthermore, some
cannabinoid-basedpreparationsarealreadybeingevaluated inclinical trials for the
treatment of inflammatory bowel disease (Di Carlo and Izzo 2003). Experimental
evidence indicates that the ECS, via CB1 activation, mediates protective pathophys-
iological signals counteracting intestinal inflammatory responses. Enhancement
of the cannabinoid signalling, as revealed by the increased expression of enteric
CB1 receptors, has been observed following intestinal inflammation induced by
a number of irritants, including intra-colonic dinitrobenzene sulfonic acid (DNBS)
(Massa et al. 2004), oral croton oil (Izzo et al. 2001b) and intraperitoneal acetic
acid (Mascolo et al. 2002). Massa et al. (2004) showed that colitis induced by
intra-colonic DNBS was more severe in CB1-deficient mice than in wild-types lit-
termates, while FAAH-deficient mice (which are expected to have higher levels
of anandamide) showed significant protection against intestinal inflammation.
Consistent with experimental results obtained with genetically modified mice, the
cannabinoid receptor agonist HU-210 inhibited, while the CB1 receptor antagonist
SR141716A exacerbated, DNBS-induced colonic inflammation (Massa et al. 2004).

The possible involvement of CB2 receptors in inflammatory bowel disease has
been hypothesised on the basis of recent in vitro studies; indeed, cannabinoids
exert an inhibitory effect on the expression of tumour necrosis factor (TNF)-α-
induced interleukin-release from a human colonic epithelial cell line HT-29, and
this effect was reversed by the CB2 receptor antagonist SR144528 (Ihenetu et al.
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2003). Furthermore, Western immunoblotting revealed an immunoreactive pro-
tein in this cell line at a region with a size consistent with that of CB2 receptors
(Ihenetu et al. 2003). In contrast with a beneficial role of endocannabinoids, Croci
and colleagues (2003) reported that the CB1 receptor antagonist SR141716A pre-
vented the intestinal ulcers and the rise in TNF-α and myeloperoxidase activity
(a marker of inflammation) induced by indomethacin in rats, while the CB2 recep-
tor antagonist SR144528 reduced the ulcers only (Croci et al. 2003).

Finally, it should be noted that anandamide and 2-AG have been shown to
stimulate intestinal primary sensory neurons via the VR1 receptor to release sub-
stance P, resulting in ileitis in rats (McVey et al. 2003) and that endocannabinoids
may mediate the inflammatory effects of toxin A. Thus, in the intestinal mucosa,
endocannabinoids may have both a protective role (via CB1 receptor activation)
and produce deleterious effects (via VR1 receptor activation, presumably at higher
concentrations).

6.4
Paralytic Ileus

Paralytic ileus (i.e. a “non-mechanical” bowel obstruction observed in response
to nociception initiated at the abdominal level) is a common complication whose
pathogenesis is still under debate. Mascolo and colleagues (2002) provided evi-
dence that alterations in the enteric endocannabinoid system contribute to the
onset of experimental paralytic ileus induced by peritoneal irritation. Reduced
gastrointestinal motility associated with intraperitoneal acetic acid in mice was
restored by the CB1 receptor antagonist SR141716A, while it was worsened by the
anandamide cellular re-uptake inhibitor VDM11. Ileus was characterised by in-
creased intestinal levels of anandamide (but not 2-AG) and by an increase in the
number and density of CB1 receptors on acetylcholine- and substance P-containing
neurons. Because CB1 receptor activation reduced excitatory transmission, it was
hypothesised that, following peritonitis-induced ileus, overactivity of CB1 recep-
tors on the enteric cholinergic/substance P neurons lead to a reduced release of
both neurotransmitters, with subsequent delayed motility.

6.5
Diarrhoea (Cholera Toxin)

Extracts of Cannabis were indicated for the treatment of diarrhoea a century ago
in the United States, and there are a number of anecdotal accounts of the effective
use of Cannabis against dysentery and cholera (Di Carlo and Izzo 2003). Cholera
toxin (CT) is the most recognisable enterotoxin causing secretory diarrhoea. The
profound dehydrating secretory diarrhoea associated with CT may involve several
intestinal secretory mechanisms, including activation of enteric neurons and re-
lease and/or synthesis of endogenous secretagogues such as 5-hydroxytryptamine,
prostaglandins, tachykinins, vasoactive intestinal peptide, and platelet activating
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factor (Lundgren 2002). Oral administration of CT to mice increased fluid accumu-
lation in the small intestine, raised anandamide levels and led to overexpression
of CB1 receptor mRNA (Izzo et al. 2003). The non-selective cannabinoid recep-
tor agonist CP 55,940 and the CB1 selective agonist, ACEA inhibited CT-induced
fluid accumulation, and this effect was counteracted by SR141716A (but not by
SR144528 or by the vanilloid receptor antagonist capsazepine). The antisecretory
effect of cannabinoids may involve peripheral mechanisms, since CP 55,940 still
inhibited CT-induced fluid accumulation after ganglionic blockade. Furthermore
SR141716A enhanced, while the inhibitor of anandamide uptake VDM11 pre-
vented, CT-induced fluid accumulation. These results indicate that CT, as well as
enhancing intestinal secretion, causes overstimulation of endocannabinoid sig-
nalling with an antisecretory role in the small intestine.

6.6
Colorectal Cancer

Endocannabinoids are known to inhibit the proliferation of breast cancer cells,
prostate cancer cells, and rat thyroid cancer cells (Bifulco and Di Marzo 2002).
Ligresti and colleagues (2003) showed that the levels of anandamide and 2-AG were
increased relative to controls in adenomatous polyps and carcinomas, but there
appeared to be no differences in the expression of CB1 and CB2 receptors or FAAH
levels among the tissues. To determine if cannabinoids affect colorectal cancer
cell growth, the authors used CaCo-2 (which express CB1 receptor) and DLD-1
cells (which express both CB1 and CB2 receptors, with CB1 receptor less expressed
than in CaCo-2 cells). Anandamide, 2-AG and HU-210, as well as an inhibitor
of anandamide inactivation, potently inhibited CaCo2 cell proliferation (relative
potencies: HU-210>>anandamide≥2-AG), while DLD-1 cells were less responsive
to cannabimimetics than CaCo-2 cells (Ligresti et al. 2003). Such data suggest that
CB1 receptors are more important than CB2 receptors in reducing the proliferation
of colorectal carcinoma cells. Consistent with this, in a study performed on SW 480
colon carcinoma cells, Joseph and colleagues (2004) reported that anandamide (via
CB1 activation) inhibited tumourcellmigration,which isofparamount importance
in metastasis development (Joseph et al. 2004).

7
Anandamide as an Endovanilloid

The unexpected revelation that anandamide is also an agonist at VR1 receptors
(Zygmunt et al. 1999) has important implications for the physiological roles of
endocannabinoid and VR1 receptor systems. Capsaicin has long been known
to affect GI motility (Feher and Vajda 1982; Holzer 2001, 2003). VR1 receptor
expression has been associated not only with the oesophagus and GI tract and
their related ganglia, but also with areas of the CNS concerned with GI activity.
In the rat brain, varicose fibres in the commissural, dorsomedial and gelatinosus
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subnuclei of the medial solitary tract and lateral area postrema expressed VR1
immunoreactivity that was reduced after vagotomy above the nodose ganglion
(Rumessen et al. 2001). A proportion of nodose ganglionic neurons with afferent
terminals in the gastric mucosa and vagal afferents from the GI tract overall
were found to express VR1 receptors (Rumessen et al. 2001). These fibres were
found to traverse both submucous and myenteric plexuses (Akiba et al. 2001)
and many individual fibres coexpressed calcitonin gene-related protein (CGRP)
(Rumessen et al. 2001). In the pig ileum, some myenteric VR1-positive neurons
also expressed δ-opioid and κ-opioid receptors (Poonyachoti et al. 2002); also, in
primary cultures of porcine myenteric ileal neurons, some cholinergic cells with δ-
opioid-like immunoreactivitywere also immunopositive for κ-opioid, cannabinoid
or vanilloid receptors (Kulkarni-Narla and Brown 2001).

Anavi-Goffer et al. (2002) identified VR1 immunoreactivity in whole mounts
of myenteric plexus preparations from the guinea-pig ileum and colon and rat
ileum (Anavi-Goffer and Coutts 2003; Anavi-Goffer et al. 2002). They found VR1
immunoreactivity in a subpopulation (47%) of cholinergic myenteric neurons and
fibres in the ganglia, the secondary bundles and tertiary plexus. In guinea-pig
myenteric ganglia, intrinsic primary afferent neurons (IPAN’s) had the chemical
signature ChAT/calbindin/CB1 receptor/VR1 receptor. In contrast, in rat and hu-
man preparations, VR1-immunoreactivity was confined to fibres only, and was
increased by inflammation in human tissue (Anavi-Goffer and Coutts 2003; Yian-
gou et al. 2001).

In a study of hypo- and aganglionic regions of the large bowel in Hirschsprung’s
disease, hypertrophic extrinsic nerve bundles showed intense VR1 immunore-
activity compared with normoganglionic regions, which were similar to control
large intestine (Facer et al. 2001). Aganglionic tissue was also associated with weak
purine P2X(3)-receptor immunoreactivity compared with normal specimens. It
has been proposed that ATP can lower the threshold for activation of VR1 receptors
(Tominaga et al. 2001). It is possible that the relative down-regulation of purinergic
receptors in Hirschsprung’s disease may be associated with an increased release
of ATP and sensitisation of the sensory nerves. Ileitis due to Clostridium difficile
toxin A could be mimicked by the intraluminal administration of anandamide and
2-AG in rats (McVey et al. 2003): this effect was reduced by pretreatment with the
selective VR1 receptor antagonist capsazepine but not the cannabinoid receptor
antagonists SR141716A or SR144528. Indeed, toxin A resulted in increased tissue
levels of anandamide and 2-AG in the ileum that were further enhanced when
their metabolism was reduced by FAAH inhibitors. Responses to both toxin A and
anandamide were associated with capsazepine-sensitive substance P release and
activation of specific natural killer (NK)-1 receptors and antagonised by the NK-1
antagonist L-733060 (McVey et al. 2003). These results suggest that enteritis due
to toxin A involves the release of endocannabinoids that activate VR1 receptors
on enteric primary afferent sensory neurons, resulting in the release of inflam-
matory mediators such as substance P. Clearly, the relevance of vanilloid receptor
activation involvement in this field needs further investigation.

It may be of interest that VR1-immunoreactive cells in the rat dorsal root
ganglia coexpress CB1 receptors (Ahluwalia et al. 2000). VR1 mRNA detected by
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RT-PCR from rat ileal tissue showed a protein band corresponding to that for
VR1 mRNA from rat brain (Anavi-Goffer et al. 2002). Cholinergic VR1 receptor-
positivefibres in the tertiaryplexuswere foundtoco-expresscalretinin, substanceP
and synapsin 1. These findings support results from functional studies indicating
that VR1 activation is related to ACh release from motoneurons (Mang et al.
2001). Mang et al. showed that anandamide facilitates spontaneous ACh release
from the myenteric plexus by a capsazepine-sensitive mechanism as measured
by the release of [3H]-choline. In the same report, Mang et al. demonstrated
that SR141716A caused dextral shifts in the log concentration–response curves to
CP 55,940 or anandamide for their inhibitory effects on cholinergic transmission.
The relative activities of anandamide at CB1 and VR1 receptors in this tissue are
concentration dependent (Begg et al. 2002b). Begg’s group found that VR1 receptor
activationpredominatedathigher concentrations,whereasManget al. foundpEC50

values for cannabinoid receptor activation to be less than for vanilloid receptor
activation. There is also some controversy as to whether anandamide inhibits
ACh release via a CB1 or a non-CB1cannabinoid receptor mechanism, since the
KB values differ for the antagonism by SR141716A of CP 55,940 and anandamide
(Mang et al. 2001). Whether this difference can be explained by the concomitant
effects on ACh release via a VR1-mediated process and/or is due to anandamide
metabolism remains to be resolved. There is evidence that VR1 receptor activation
by anandamide increases ethylene diamine-induced γ-aminobutyric acid (GABA)
release from guinea-pig myenteric plexus by a capsazepine-sensitive mechanism
(Begg et al. 2002b). However, it should be noted that no evidence for an activation
of capsaicin-sensitive receptors by anandamide has been observed in the human
sigmoid colon (Bartho et al. 2002).

Finally, 2-AG has been found to induce contractions in the longitudinal smooth
muscle from the guinea-pig distal colon in vitro in a tetrodotoxin-sensitive man-
ner. This response was mimicked by anandamide, but not by the cannabinoid
receptor agonist WIN 55,212-2 or the vanilloid receptor agonist AM404 and was
not inhibited by antagonists of cannabinoid or vanilloid receptors (Kojima et al.
2002). Since the response to 2-AG was partially reduced by the lipoxygenase in-
hibitor nordihydroguaiaretic acid, it is possible that leukotrienes may contribute
to the neurogenic contractile action of 2-AG.

8
Conclusion

There is now substantial evidence for the presence of endocannabinoid and en-
dovanilloid systems in the GI tract. The anti-inflammatory, anticancer, antiulcero-
genic and antiemetic responses to CB1 receptor activation holds promise for the
future management of gastrointestinal diseases. Thus, exploitation of the endo-
cannabinoid system by facilitation at sites of endocannabinoid activity by pre-
venting cellular re-uptake or reducing EC degradation may enhance beneficial en-
docannabinoid effects without the psychotropic side-effects found with systemic
administration of exogenous cannabinoids. Manipulation of the endocannabinoid
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system, rather than the administration of exogenous cannabinoids, would also
lessen the possibility of adverse pharmacokinetic effects or the development of
tolerance to or dependence on exogenous cannabinoids. The upregulation of VR1
receptor expression and increased tissue levels of endocannabinoids in inflam-
matory conditions may have implications for possible therapeutic applications of
endovanilloid modulation in a variety of inflammatory gastric (ulceration and oe-
sophageal reflux) and bowel conditions in the future. Clearly, further exploration
of the gastrointestinal EC system is likely to produce worthwhile results.
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