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Duncan M, Thomas AD, Cluny NL, Patel A, Patel KD, Lutz B,
Piomelli D, Alexander SP, Sharkey KA. Distribution and function
of monoacylglycerol lipase in the gastrointestinal tract. Am J Physiol
Gastrointest Liver Physiol 295: G1255–G1265, 2008. First published
October 23, 2008; doi:10.1152/ajpgi.90500.2008.—The endogenous
cannabinoid system plays an important role in the regulation of
gastrointestinal function in health and disease. Endocannabinoid lev-
els are regulated by catabolic enzymes. Here, we describe the pres-
ence and localization of monoacylglycerol lipase (MGL), the major
enzyme responsible for the degradation of 2-arachidonoylglycerol.
We used molecular, biochemical, immunohistochemical, and func-
tional assays to characterize the distribution and activity of MGL.
MGL mRNA was present in rat ileum throughout the wall of the gut.
MGL protein was distributed in the muscle and mucosal layers of the
ileum and in the duodenum, proximal colon, and distal colon. We
observed MGL expression in nerve cell bodies and nerve fibers of the
enteric nervous system. There was extensive colocalization of MGL
with PGP 9.5 and calretinin-immunoreactive neurons, but not with
nitric oxide synthase. MGL was also present in the epithelium and was
highly expressed in the small intestine. Enzyme activity levels were
highest in the duodenum and decreased along the gut with lowest
levels in the distal colon. We observed both soluble and membrane-
associated enzyme activities. The MGL inhibitor URB602 signifi-
cantly inhibited whole gut transit in mice, an action that was abolished
in cannabinoid 1 receptor-deficient mice. In conclusion, MGL is
localized in the enteric nervous system where endocannabinoids
regulate intestinal motility. MGL is highly expressed in the epithe-
lium, where this enzyme may have digestive or other functions yet to
be determined.

endocannabinoids; enteric nervous system; URB602; 2-arachidonoyl
glycerol

CANNABINOID (CB) receptors (termed CB1 and CB2), the endog-
enous ligands for these receptors (endocannabinoids), and their
biosynthetic and catabolic enzymes form the endocannabinoid
system (11, 12). This novel regulatory system has important
roles in physiology and has been linked to a number of
pathophysiological conditions, notably disorders of energy
metabolism (31). There is increasing evidence for significant
roles of the endocannabinoid system in the control of gastro-
intestinal and liver (patho)physiology (15, 22, 37, 44, 45, 47).

CB1 receptors are predominantly expressed in the enteric
nervous system (ENS), where they are primarily localized to

prejunctional nerve terminals and regulate transmitter release
(15). We recently described the localization of CB2 receptors
in the ENS (16). These receptors appear to be active under
pathophysiological conditions and serve to limit the extent of
enhanced motility seen under these circumstances (30). The
natural endogenous ligands for the CB receptors, anandamide
and 2-arachidonoylglycerol (2-AG), have affinity at both CB1

and CB2 receptors (10, 21, 32). Unlike classical transmitters,
endocannabinoids are synthesized and released “on demand.”
Recently, their biosynthetic and inactivation pathways have
been identified. Anandamide is an N-acylethanolamine formed
from the cleavage of N-arachidonoyl phosphatidylethano-
lamine catalyzed by a unique phospholipase D (1). The bio-
synthesis of 2-AG comprises the sequential action of phospho-
lipase C and diacylglycerol lipase (DGL) on membrane phos-
pholipid (1, 42). Anandamide and 2-AG are present within the
gastrointestinal (GI) tract at levels able to activate CB recep-
tors. Anandamide is present in ileal and colonic tissues at
levels of 0.27 and 0.036 nmol/g, whereas 2-AG levels are 44.1
and 18.7 nmol/g, respectively (38). Such regional differences
of endocannabinoids along the GI tract may reflect functional
differences in their actions in the ileum and colon.

Inactivation pathways for endocannabinoids are thought to
involve a putative endocannabinoid membrane transporter (11,
12, 33). Once taken up into the cell they are degraded by the
enzymes fatty acid amide hydrolase (FAAH; also known as
anandamide amidohydrolase) and monoacylglycerol lipase
(MGL; also known as monoglyceride lipase) (8, 9, 13, 14, 17).
FAAH has been shown to catalyze the hydrolysis of both
anandamide and 2-AG (8, 9, 17). FAAH mRNA and protein
expression is present in the GI tract (4) and inhibition signif-
icantly attenuates intestinal motility in mice, indicating that
enhanced local endocannabinoid levels are functionally signif-
icant (23). Genetic ablation of FAAH in mice results in a
2.8-fold increase of ileal anandamide content with respect to
wild-type controls (4), and these mice are significantly pro-
tected against inflammation in the 2,4-dinitrobenzene sulfonic
acid model of experimental colitis (29).

The second enzyme involved in endocannabinoid inactiva-
tion, MGL, is a serine hydrolase that converts 2-AG to fatty
acids and glycerol (13). MGL mRNA and protein have been
localized to nerve fibers and soma in areas of the brain that
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express high levels of CB1 receptors (13). URB602 is a rapidly
acting, noncompetitive inhibitor of MGL (25) that increases
2-AG levels in hippocampal slice cultures (25, 27) and en-
hances stress-induced analgesia by raising local 2-AG levels
when administered into the periaqueductal gray matter (20).
However, more recent papers have described antinociceptive
actions of URB602 when administered intraperitoneally and
subcutaneously in the carrageenan and formalin inflammatory
pain models, respectively (6, 18).

Although a physiological role of FAAH has been described
in the GI tract (4, 38), the distribution and function of MGL
within the GI tract is unknown. The purpose of this study was
to examine the distribution and function of MGL in the rodent
GI tract to provide a better understanding of the endocannabi-
noid system within the gut.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (250–350 g; Charles River
Laboratories, Montreal, QC, Canada), male C57BL/6 mice (5–6 wk;
20–26 g) or female CB1

�/� mice (8 wk; 18–22 g) on a C57BL/6
background were used for our studies. The C57BL/6 mice were
obtained from Charles River (Montreal, QC, Canada). Two breeding
pairs of heterozygous CB1

�/�C57BL/6N (28) mice were obtained from
Dr. Beat Lutz (Johannes Gutenberg University Mainz, Mainz, Ger-
many) and bred in our facility to obtain CB1

�/�C57BL/6N mice.
Animals used in these studies were backcrossed from both heterozy-
gous and homozygous breeding pairs to C57BL/6N for six genera-
tions and were maintained under the same conditions as the
wild-type mice. All CB1

�/� mice were genotyped by established
protocols and were confirmed as homozygous gene-deficient ani-
mals (CB1

�/�C57BL/6N) prior to inclusion in the study. Animals
were housed in a temperature-controlled room, maintained on a
normal 12:12-h light-dark cycle, in plastic sawdust floor cages with
free access to Purina Laboratory chow and tap water. These studies
were approved by the University of Calgary Animal Care Committee,
and all protocols were carried out in accordance with the guidelines of
the Canadian Council on Animal Care.

Tissue preparation. Rats were deeply anesthetized with an intra-
peritoneal injection of pentobarbital sodium (65 mg/kg). Tissues used
for RT-PCR, Western blotting, and enzyme assays were taken from
animals perfused intracardially with 1 l/kg phosphate-buffered saline
(PBS) to remove the blood and stored at �80°C until use. Tissue for
immunohistochemistry (n � 5) were removed, washed, pinned flat
onto a Sylgard-coated plate, and immersed in Zamboni’s fixative (2%
paraformaldehyde and 0.2% picric acid; pH 7.4) overnight at 4°C.
Tissues used for sectioning were stapled flat on a cardboard mount,
fixed in Zamboni’s fixative, and then cryoprotected in sucrose (20% in
PBS) in preparation for sectioning.

RT-PCR. Total RNA was isolated by use of TRIzol reagent (In-
vitrogen, Carlsbad, CA). RNA was reverse transcribed into cDNA by
using Superscript II reverse transcriptase (Invitrogen) according to
manufacturer’s instructions. PCR for MGL and �-actin was per-
formed with 10% of the RT reaction as template cDNA by using
Qiagen Master Mix (Qiagen, Gaithersburg, MD) according to manu-
facturer’s recommendations. The primers used were MGL forward:
5�-TAGCAGCTGCAGAGAGACCA-3�, MGL reverse: 5�-GAT-
GAGTGGGTCGGAGTTGT-3�, �-actin forward: 5�-GCTGCTCAC-
CGAGGC-3�, and �-actin reverse: 5�-CTCGGTCAGGATCTTCAT-
3�. Target cDNAs were amplified by 25 cycles of 1 min at 94°C, 1 min
at 65°C, and 1 min at 72°C. The PCR product was run through an
agarose gel and bands were visualized with ethidium bromide.

Western blotting. For the first experiment, full-thickness ileal
segments, muscle and submucosal layers (containing the ENS), and
mucosa (removed by scraping the opened intestine with a microscope
slide, n � 6) were collected. For the second experiment, full-thickness

tissues were collected from duodenum, ileum, and proximal and distal
colon (n � 5). Samples were immediately suspended in enzyme
inhibitors (11697498001; Roche Diagnostics, Indianapolis, IN) and
homogenized, and protein concentrations were determined. Proteins
were separated with SDS-PAGE (10%), then transferred onto a
nitrocellulose membrane, as previously described (34). Membranes
were then incubated in blocking solution composed of 5% fat-free
milk and Tris-buffered saline for 1 h at room temperature followed by
overnight incubation with an immunopurified polyclonal antibody
directed against the NH2 terminal of MGL (peptide sequence
SSPRRTPQNVPYQDL; Dr. Daniele Piomelli, University of Califor-
nia Irvine, Irvine, CA) (13, 14) at 4°C. Membranes were washed with
Tris-buffered saline with Triton X-100 and incubated in a horseradish
peroxidase-conjugated goat anti-rabbit antibody (1:4,000; Santa Cruz
Biotechnology, sc-2004, Santa Cruz, CA) for 1 h at room temperature.
Protein bands were visualized by use of a chemiluminescent substrate
(ECL kit; Amersham, Little Chalfont, Bucks, UK) and X-Omat film
(Eastman Kodak, Rochester, NY). The same membranes were
stripped and reblotted with rabbit anti-actin (Sigma-Aldrich, A2066,
St. Louis, MO) and a secondary antibody. Proteins were semiquanti-
tatively analyzed by densitometric measurement of the bands.

Immunohistochemistry. Whole-mount preparations of longitudinal
muscle-myenteric plexus (MP) and submucosal plexus (SMP) were
prepared as previously described (41). Briefly, the mucosa was re-
moved, the submucosal layer was then carefully separated from the
layers beneath, and then the circular muscle layer was separated from
the longitudinal muscle layer, to which the MP remained adhered.
Single- and double-labeling immunohistochemistry were used in the
following regions of the GI tract: duodenum, ileum, proximal colon,
and distal colon. In further experiments, double labeling for specific
neuronal markers was used to determine whether MGL was associated
with specific neuronal subpopulations. Double labeling was carried
out in a sequential manner. Briefly, tissues were first incubated in
either mouse anti-PGP 9.5 (1:500; 13C4, Ultraclone, Cedarlane Lab-
oratories, Burlington, ON, Canada), goat anti-calretinin (1:500; CG1,
Swant, Bellizona, Switzerland) or mouse antineuronal nitric oxide
synthase (NOS; 1:250, N-2280, Sigma-Aldrich) for 48 h at 4°C.
Tissues were then washed in PBS, three times for 30 min, and then
incubated in the secondary antibodies goat anti-mouse FITC (1:50;
115-095-003, Jackson, West Grove, PA) or donkey anti-goat FITC
(1:50; 705-095-147, Jackson) for 2 h at room temperature. Tissues
were then washed in PBS and subsequently incubated with rabbit
anti-MGL (Dr. Daniele Piomelli, University of California Irvine) (13;
14) and donkey anti-rabbit CY3 (1:100; 711-165-152, Jackson).
Tissues were then mounted on slides with a bicarbonate-buffered
glycerol (pH 8.6) and visualized with either a Zeiss Axioplan fluo-
rescence microscope or an Olympus Fluoview FV300 confocal mi-
croscope. Corel Photopaint was used to adjust all images for bright-
ness, contrast, and intensity. To quantify MGL expressing neurons in
the ENS, a ratio of MGL-positive neurons to PGP 9.5/calretinin-
positive neurons was determined. MGL or PGP 9.5/calretinin-positive
cells were counted in 15 (MP) or 20 (SMP) ganglia in whole-mount
preparations (n � 3).

Enzyme activity. Frozen tissue segments were thawed and homog-
enized in 10 volumes of TE buffer (50 mM Tris, 1 mM EDTA, pH
7.4) by using a Polytron homogenizer. Following centrifugation at
30,000 g for 30 min, the supernatant layer was collected and the pellet
was homogenized once more in 10 volumes of TE buffer. Following
centrifugation as before, the supernatant layers were combined and
stored at �80°C. The pellet was resuspended in three volumes of 50
mM Tris buffer, pH 7.4, and stored at �80°C. Assays of MGL activity
were conducted using minor modifications of methods described by
Vandevoorde et al. (46). In brief, thawed samples were diluted in TE
buffer to a suitable protein concentration (�1:100 wet wt for partic-
ulate preparations and �1:1,000 for soluble fractions) and preincu-
bated with inhibitor at 37°C for 10 min, before addition of 2-oleoyl-
glycerol (2-OG, 100 �M, Sigma-Aldrich; containing 1–2 kBq
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2-oleoyl-[3H]-glycerol, American Radiolabeled Chemicals). After in-
cubation at 37°C for 15 min, the reaction was terminated by the
addition of two volumes of chloroform-methanol (1:1) and mixing.
Chloroform (1 volume) was added to separate the phases, before
removal of an aliquot of the supernatant layer containing liberated
[3H]glycerol for liquid scintillation counting.

Upper GI transit studies. After an overnight fasting period (water
ad libitum), a marker was administered orally to assess upper GI
transit, as described in detail by others (39, 40). At 30 min after
intraperitoneal (ip) administration of URB602 (20 or 40 mg/kg) or
vehicle [10% DMSO/Tween 80 in saline (6)], an oral gavage of 200
�l of an Evans blue marker (5% Evans blue, 5% gum arabic) was
administered. After 15 min animals were killed by cervical dislocation
and the intestine from the region of the pyloric sphincter to the
ileocecal junction was immediately removed. The distance traveled by
the marker was measured in centimeters and expressed as a percent-
age of the total length of the small intestine.

Colonic propulsion. Distal colonic propulsion was measured ac-
cording to the method of Broccardo et al. (3). Briefly, 30, 150, and 270
min after ip administration of URB602 (20 or 40 mg/kg) or vehicle
[10% DMSO/Tween 80 in saline (6)], a 2.5-mm spherical plastic bead
was inserted 3 cm intrarectally to mice lightly anesthetized with
isoflurane. This bead size was chosen after preliminary experiments
and was based on the size of an average fecal pellet. The time to
expulsion of the plastic bead was determined for each animal in
seconds and data were expressed as the mean of the three values. A
higher mean expulsion time value is an index of inhibition of colonic
propulsion. It should be noted that this assay reflects colonic propul-
sion as well as sensory threshold of the pellet in the colon, hence our
use of “physiological” pellets.

Whole gut transit studies. After a 1-h acclimatization to individual
plastic cages, without a sawdust floor or bedding, mice were admin-
istered an intraperitoneal (ip) injection of URB602 (20 or 40 mg/kg)
or vehicle [10% DMSO/Tween 80 in saline (6)] 30 min before
receiving an oral gavage (via a 3-cm, 20-G gavaging needle) of 200
�l of an Evans blue marker. Mice were returned to their individual
cages (ad libitum access to food and water) and the latency to the
detection of Evans blue in the droppings was recorded. In further
experiments CB1

�/� mice were administered an ip injection of

URB602 (40 mg/kg) or vehicle and whole gut transit time was
measured as outlined above.

Statistical analysis. Data are expressed as means 	 SE and ana-
lyzed with Student’s t-tests or by a one-way analysis of variance with
Bonferroni-corrected t-tests. P 
 0.05 was considered significant.

RESULTS

MGL mRNA is present in the rat ileum. MGL mRNA was
present in samples of full-wall-thickness ileum, as well as in
the muscle and submucosal layers that contain the ENS and the
mucosa (Fig. 1A). No band was detected in the absence of the
template. RNA from the samples were reverse transcribed or
mock-treated prior to PCR. We observed no bands in the RNA
sample that was mock treated, indicating that amplification was
not due to genomic DNA contamination of the RNA sample
(data not shown).

MGL protein is expressed throughout the rat GI tract.
Western blot analyses confirmed the presence of MGL protein
in homogenates of rat ileal tissue (Fig. 1B). MGL was detected
in full-wall-thickness samples of ileum and was also present in
the muscle and submucosal layers and the mucosa. The bands
were �33 kDa, which is an appropriate molecular mass on the
basis of previously published work (14, 24). Preabsorption of
this antibody with the immunizing peptide has previously been
shown to abolish detection of bands (14). Semiquantitative
densitometric measurement, expressed as a ratio of actin con-
tent in each sample, indicated that the muscle and submucosal
layer containing the enteric plexuses had higher levels of MGL
expression compared with the mucosa (Fig. 1C). MGL is
expressed along the length of the GI tract in the full-wall-
thickness samples of duodenum, ileum, proximal colon, and
distal colon (Fig. 1B). The lowest levels were found in the
duodenum, whereas no significant differences were found
between the levels in ileum, proximal colon, and distal colon
(Fig. 1D). In the proximal colon, we observed a fairly promi-

Fig. 1. Monoacylglycerol lipase (MGL) mRNA and protein are expressed throughout the gastrointestinal (GI) tract. A: RNA was isolated from full-wall-thickness
ileum (IL), muscle layer containing myenteric plexus and submucosa (MS), and mucosa (M) of rats. PCR was performed using primers for MGL or �-actin and
the expected amplicons were 212 and 277 bp, respectively. No band was detected in the no-template control (NTC). B: protein homogenates were isolated from
the full-wall-thickness ileum, muscle and submucosal layers, and mucosa of rats. Samples of full-wall-thickness duodenum, ileum, proximal colon, and distal
colon were also analyzed. Western blotting was performed with an antibody directed against the NH2 terminus of MGL and a band was observed at �33 kDa,
with an additional band observed in the proximal colon sample. C: semiquantitative densitometric measurement of MGL expression, expressed as a ratio of
�-actin content in each sample, indicates highest expression in the muscle and submucosal layers (**P 
 0.01 vs. mucosa). D: quantification of MGL levels
within select regions of the GI tract indicates lowest levels in the duodenum and ileum, with higher expression in the proximal (**P 
 0.01 vs. duodenum) and
distal colon (**P 
 0.01 vs. duodenum).
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nent double band, which has also been reported in brain
homogenates and may be explained by the presence of differ-
ent MGL isoforms owing to different leader sequences re-
ported in MGL cDNA (14, 24).

MGL is expressed by enteric neurons and in the epithelium
of the GI tract. Cross sections of the duodenum, ileum, and
proximal and distal colon showed MGL immunoreactivity to
be most intense within the MP with relatively lower levels in
the SMP (Fig. 2). MGL staining was also observed at the base
of the crypts and within the epithelium, notably in the small

intestine (Fig. 2, left). In whole-mount preparations, MGL
immunoreactivity was present in neurons and nerve fibers
within both the SMP and SMP along the rat GI tract (Figs.
3 and 4). We observed that the duodenum and ileum had
more fibrous staining than the other regions of the gut (Figs.
3, A and B and 4, A and B).

PGP 9.5, a marker of neuronal populations within the ENS,
was used for double staining with MGL. Cell counts were used
to quantify the number of cells per ganglia that expressed MGL
as a percentage of PGP 9.5-positive neurons. Most of the PGP

Fig. 2. Cross sections of rat duodenum (A), ileum (B),
proximal colon (C), and distal colon (D). Low-power sec-
tions (left) and higher magnification of parts of these panels
(right). Intense immunoreactivity was observed in the my-
enteric and submucosal plexus and epithelia. Scale bars:
100 �m.
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Fig. 3. Fluorescence micrographs of MGL immunoreactivity double-labeled with enteric neuronal marker PGP 9.5 (PGP) in whole-mount preparations of
myenteric plexus along the rat GI tract. Single labels for PGP 9.5 (green) are in the first column, MGL immunoreactivity (red) is shown in the second column,
and the overlay image is shown in the third column for duodenum (A), ileum (B), proximal colon (C), and distal colon (D). The majority of MGL-expressing
enteric neurons colocalize with PGP 9.5 immunoreactivity. MGL immunoreactivity was found in the soma and processes of enteric neurons in the duodenum
and ileum but tended to be found only in the soma in the colon. Scale bar: 50 �m.
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Fig. 4. Confocal fluorescence micrographs of MGL immunoreactivity double labeled with the enteric neuronal marker PGP 9.5 in whole-mount preparations of
submucosal plexus along the rat gastrointestinal tract. Single labels for PGP 9.5 (green) are in the first column, MGL immunoreactivity (red) is shown in the
second column, and the overlay image is shown in the third column for duodenum (A), ileum (B), proximal colon (C), and distal colon (D). The majority of
MGL-expressing enteric neurons colocalize with PGP 9.5 immunoreactivity. Scale bar: 50 �m.
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9.5-labeled neurons also expressed MGL: duodenum (90.2 	
1.5%), ileum (86.5 	 1.7%), proximal colon (82.0 	 2.2%),
and distal colon (86.7 	 2.0%). There were no significant
regional differences noted. Mean values within the SMP were
as follows: duodenum (89.9 	 1.7%), ileum (86.5 	 1.9%),
proximal colon (82.6 	 2.1%), and distal colon (91.7 	 1.5%).
Within the SMP, the proximal colon had significantly lower
MGL-expressing cells than the duodenum (P 
 0.05) and the
distal colon (P 
 0.01). The use of calretinin, a Ca2�-binding
protein localized on both excitatory motor neurons projecting
to longitudinal muscle as well as ascending interneurons, was
also used for double labeling with MGL (Fig. 5). Cell counts
show that MGL is expressed in the majority (�80%) of
calretinin-positive cells within the MP and SMP of all the

regions of the GI tract (data not shown). Inhibitory motor
neurons are known to express neuronal NOS (nNOS). Using an
antibody raised against nNOS, we determined that very little
colocalization of MGL and NOS was observed within the MP
of rat GI tract (Fig. 5).

MGL is functionally active in the rat ileum. The soluble
fraction of extracts from rat GI tissues was assessed for the
ability to hydrolyze 2-oleoylglycerol (2-OG) in vitro, accord-
ing to minor modifications to the method of Vandevoorde et al.
(46). By use of this assay, a gradation of activity was observed
in the gut (Fig. 6A), such that activity in the small intestine was
four to eight times higher than in the colon. Separating the
mucosa in the ileum from the muscle and submucosal layers
allowed determination of a much higher MGL activity in this
region than in the muscle and submucosal layers, where activ-
ity was relatively low (Fig. 6B). MGL activity in all of the
soluble fractions of GI tissue was completely inhibited in the
presence of 1 �M methyl arachidonyl fluorophosphonate
(MAFP, data not shown).

Additional MGL activities have been identified in mouse
tissues which are associated with membrane fractions (2, 35).
We, therefore, addressed whether the membrane fraction from
rat GI tissue was able to hydrolyze 2-OG and whether FAAH
(also present in the membrane fraction) contributes to this
activity, by evaluating MGL activity in the absence and pres-
ence of the FAAH inhibitor URB597 (1 �M). In the ileal
muscle and mucosal layers, membrane MGL activity was
observed (Fig. 6C) and this was found to be insensitive to
URB597 (140 	 15 nmol �min�1 �mg protein�1 compared with
134 	 57 in the presence of URB597). In contrast, the
hydrolysis of 2-OG by membrane preparations from the ileal
mucosa was reduced in the presence of URB597, indicating
that FAAH contributed to this activity (521 	 71
nmol �min�1 �mg protein�1 basal activity compared with
318 	 27 in the presence of URB597). No regional differ-
ences of URB597-sensitivity was observed in the membrane
fractions of samples of duodenum, ileum, or colon (Fig. 6D).
The ability of URB602 (10�7 to 10�4 M) to inhibit MGL was
assessed by use of preparations from the rat ileal mucosa
because this tissue had the highest levels of MGL activity (Fig.
6E). URB602 was able to inhibit 2-OG hydrolysis in both
fractions, although the soluble fractions appear to be more
sensitive to the inhibitory actions of URB602. MAFP (10�11 to
10�5 M) was less potent an inhibitor of MGL activity in the
membrane fraction (conducted in the presence of 1 �M
URB597) compared with soluble preparations from the ileal
mucosa. The EC50 for MAFP inhibition of 2-OG in the
soluble fraction was 0.97 nM compared with 3.34 nM in the
membrane fraction. In a further study to assess the selec-
tivity of URB602 for MGL over FAAH, URB602 (100 �M)
evoked a significant (P 
 0.01, Student’s t-test) inhibition
of ileum soluble MGL activity (reduced to 56 	 4% of
control activity levels, n � 3). In contrast, URB602 (100
�M) evoked a much more modest inhibition of rat liver
particulate FAAH activity (reduced to 86 	 2% of control
activity levels, P 
 0.05, n � 3).

The MGL inhibitor URB602 inhibits whole gut transit in
mice. URB602 at doses of 20 and 40 mg/kg tended to reduce
upper GI transit (Fig. 7A) and slow colonic propulsion (Fig.
7B), although these did not reach statistical significance. When
taken together as whole gut transit, it was apparent that

Fig. 5. Fluorescence micrographs of MGL immunoreactivity double labeled
with neuronal nitric oxide synthase (nNOS) (A and B) and calretinin (C and D)
in whole-mount preparations of rat myenteric plexus in the ileum (A and C)
and distal colon (B and D). Single labels for MGL are in the first column, with
nNOS and calretinin immunoreactivity in the second column. Enteric neurons
only expressing both MGL and nNOS or calretinin are shown with open
arrows. Enteric neurons expressing only nNOS are shown with thin arrows,
and neurons expressing only MGL are shown with thick arrows. Scale bar:
50 �m.
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URB602 dose dependently inhibited transit (P 
 0.05, Fig. 7C)
compared with the vehicle control group. In CB1 receptor-
deficient mice, transit times were accelerated compared with
wild-type mice, in agreement with previous reports (48). The
inhibitory action of 40 mg/kg URB602 on whole gut transit
was absent in these mice (Fig. 7D), indicating CB1 receptor
involvement in the inhibitory action. Preliminary data indicate
that 40 mg/kg URB602 also attenuates upper GI transit in rats
(62.6 	 4.0% of intestine traveled compared with 75.8 	 2.5%
in vehicle-treated controls, P 
 0.05).

DISCUSSION

We report that the endocannabinoid hydrolyzing enzyme
MGL is widely distributed in the rodent GI tract. Furthermore,
MGL is functionally active along the GI tract and can be
inhibited by the noncompetitive MGL inhibitor URB602 (25),
resulting in slowing of transit along the gut.

We show that MGL mRNA and protein are expressed within
the muscle and mucosal layers of the rat ileum as well as in the
duodenum, ileum, and proximal and distal colon. Semiquanti-
fication of MGL protein expression demonstrates a signifi-
cantly higher amount of MGL protein in the layers of the gut
that contain the enteric plexuses compared with the mucosal
layer. These data fit well with the extensive expression of MGL
immunoreactivity in neurons of the ENS. When examined with
these approaches, there is an increasing trend of MGL protein
expression from duodenum to distal colon, which potentially

may account for lower levels of 2-AG reported within the
colon (38).

To determine the overall regional activity levels within the
GI tract, we employed an assay of 2-OG hydrolysis. MGL is a
soluble, cytoplasmic enzyme associated with the cell mem-
brane (2). Therefore, we assessed the soluble fraction from rat
gastrointestinal tissues for in vitro hydrolysis of 2-OG. High
levels of MGL activity were found in the ileal mucosa with
relatively low levels observed within the muscle and submu-
cosal layers, despite the apparently high levels of protein
expression. In full-wall-thickness samples, MGL activity is
highest in the duodenum and ileum, with lower activity ob-
served in the colon. These data are in direct contrast to our
MGL expression data, where the duodenum expressed the
lowest level of protein expression. It could be the case that
MGL represents only a percentage of 2-OG hydrolyzing
enzymes within gastrointestinal tissues. 2-AG hydrolysis has
been also reported by “novel MGL” activities present in a
microglial cell line, as well as two uncharacterized enzymes,
ABHD6 and ABHD12, described in the mouse brain (2). The
inverse relationship between the expression levels of MGL
detected by our antibody and activity in the soluble fractions of
this enzyme is striking, so it might be that there is a unique
regulation of 2-AG in the GI tract by a number of enzymes or
that the expression of the antigenic epitope seen by the anti-
body does not fully reflect functional enzyme activity. Further
studies are required to address this issue.

Fig. 6. MGL is active throughout the GI tract. A: MGL
activity (2-OG hydrolysis) in the soluble fraction of full-wall-
thickness samples of intestine and colon reveal that the highest
activity levels are observed in the duodenum and ileum, with
lower activity in the proximal and distal colon. *P 
 0.05 vs.
ileum, ##P 
 0.01 vs. duodenum. B and C: the majority of
MGL activity in the rat ileum is present in the mucosa
compared with the muscle layers in both the soluble and
membrane fractions. D: MGL activity in the membrane frac-
tion was lower than activity observed in the soluble fraction
and no regional differences were observed. E and F: compar-
ison of the MGL activity in the rat ileal mucosa indicates that
URB602 and MAFP inhibit hydrolysis more effectively in the
soluble fraction. Data are means 	 SE from 3 animals. *P 

0.05, **P 
 0.01.
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As noted above, a novel MGL has recently been described in
the mouse microglial line BV-2. These cells do not express
MGL mRNA but retain the ability to hydrolyze 2-AG. Hydro-
lysis of 2-AG is less efficacious in BV-2 cells compared with
MGL-expressing neurons and is also less sensitive to the
inhibitory actions of both MAFP and URB602 (35). In neu-
rons, MGL activity is equally distributed between membrane
and soluble fractions, whereas novel MGL is enriched in the
membrane fraction in BV-2 cells. To address whether novel
MGL is expressed in the GI tract, we evaluated the membrane
fractions of our homogenates and found low but significant
levels of 2-OG hydrolyzing activity. The activity profile be-
tween mucosa and muscle was similar to that observed in the
soluble fraction, but there were no regional differences in the
full-thickness samples along the GI tract. In the membrane
fractions, MAFP was less potent as an inhibitor of MGL
activity than in the soluble fraction. To further test the differ-
ential sensitivity to MGL inhibitors, we then compared the
ability of URB602 to inhibit MGL in the soluble and mem-
brane fractions of ileal mucosa. In these experiments, the
soluble fraction is more sensitive to URB602; taken together
with the residual activity in the presence of MAFP we consider
it likely that there is a novel MGL present in the GI tract.

The antibody we use is directed against the “classical” MGL
which has been cloned and characterized. Cells expressing
novel MGL do not have classical MGL mRNA but are never-
theless able to hydrolyze 2-AG. We propose that the enzyme
activity we report is “total 2-AG hydrolysis” from the com-
bined activities of classical MGL, novel MGL, and possibly
ABHD6 and ABHD12 as well as potentially other, as yet
unidentified, enzymes. This would also explain some of the
apparent discrepancy between our expression levels, cell
counts, and hydrolyzing activity, since we are only character-
izing the expression profile of a proportion of the total 2-AG
hydrolyzing enzymes.

There has been some controversy about the selectivity of
URB602 for MGL over FAAH (46). In our hands URB602

significantly inhibited MGL activity, whereas the same con-
centration only slightly inhibited FAAH activity. These data
are in agreement with studies in BV-2 cell lines (35) and brain
slice cultures (27), in which a small inhibition of FAAH
activity was observed at higher concentrations of URB602.
These studies report no accompanying rise in anandamide in
the preparations and so indicate that this small effect on FAAH
is unlikely to be relevant.

The chemical coding of neurons within the ENS has been
well established (7, 26). We report MGL to be expressed on the
majority of enteric neurons, including a subpopulation of
excitatory motor neurons that innervate longitudinal muscle
within the gut responsible for regulation of motility patterns (7,
26). Curiously, this enzyme was virtually absent from neurons
that express NOS, which are inhibitory motor neurons inner-
vating the circular muscle, as well as a population of descend-
ing interneurons (7, 26). It is interesting to note that these
neurons do not express the CB1 or CB2 receptor (16, 43),
whereas, like MGL, most other populations express the can-
nabinoid receptors. The functional significance of this obser-
vation remains to be determined.

The presence of MGL within the ENS may indicate a
functional role in regulating GI motility. To test the idea that
inhibition of MGL could influence motility, we evaluated
URB602 on upper GI transit, colonic propulsion, and whole
gut transit times. We found that URB602 was able to dose
dependently attenuate whole gut transit in mice. Although
there was not a significant action on upper GI transit or colonic
propulsion, there was a trend to slow motility in both assays
that would contribute to the overall attenuation of the whole
gut transit time. The actions of URB602 were absent in mice
deficient for the CB1 receptor, which would indicate the mech-
anism of action is by raising local 2-AG levels to activate
inhibitory CB1 receptors expressed in the ENS. The sources of
2-AG in the gut are currently unknown. Preliminary immuno-
histochemical studies indicate that diacylglycerol lipase beta
(DGL-�), an enzyme that is important for 2-AG synthesis, is

Fig. 7. Actions of the MGL inhibitor URB602 (20 and 40
mg/kg ip) on gastrointestinal motility in mice. URB602
tended to reduce upper GI transit (A) and increase the
latency of colonic propulsion (B), but these effects did not
reach significance. URB602 produced a dose-dependent
inhibition of whole gut transit (C) compared with the vehicle
control group (*P 
 0.05). In CB1 receptor-deficient mice,
the inhibitory actions of 40 mg/kg URB602 on whole gut
transit were absent (D), indicating CB1 receptor involvement
in this response. It should be noted that the whole gut transit
is faster in the vehicle-treated CB1 receptor-deficient mice
than in wild-type animals.
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present in the rat MP (M. Duncan and K. A. Sharkey, unpub-
lished observations). The expression of MGL on cell bodies
and nerve fibers suggests the ENS contains the machinery for
degradation of 2-AG and suggests that MGL could play a role
as part of the endocannabinoid system in the physiological
regulation of the ENS in the GI motility.

The main focus of this paper is the role of MGL as an
endocannabinoid hydrolyzing enzyme, but this enzyme does
have other functions. The high expression we observe in the
epithelia is in agreement with a previous study (19) using the
intestinal Caco-2 cell line. This cell line can be used as a model
of mature villus cells in the intestinal epithelium, and the
authors report that they contain the MGL gene and are able to
metabolize sn-2-monoacylglycerol (19). Intestinal MGL can
also be regulated by diet: rats being fed a high-fat diet had
significantly elevated MGL expression and activity compared
with the low-fat diet group (5). These studies indicate MGL
plays an important role in lipid regulation and metabolism.
Nomura and coworkers (36) recently reported potent inhibition
of MGL using organophosphorus (OP) compounds. In their
assay, OP inhibition of MGL resulted in increased 2-AG levels
and decreased arachidonic acid levels, which in the gut would
have anti-inflammatory properties. Furthermore, the authors
demonstrate that OP compounds activate CB1 receptors by the
metabolic stabilization of 2-AG, which would explain why the
effects of MGL inhibition we observed were absent in CB1

receptor-deficient mice. The widespread distribution of MGL
throughout the gut, we report, not only contributes to knowl-
edge of endocannabinoid signaling within the gut but suggests
that MGL may be a suitable target in the treatment of obesity
or as an anti-inflammatory agent.

In conclusion, we report that MGL is functionally expressed
within the GI tract and novel 2-AG hydrolyzing enzymes are
also present in cell membrane fractions in the gut. MGL is
present in neurons and epithelia and has different activity
profiles along the gut, indicating this enzyme could be involved
in the regulation of many physiological processes. Despite the
low potency of URB602, we were able to demonstrate inhibi-
tion of MGL in the GI tract in both in vitro and in vivo assays.
These data add further to the elucidation of the endocannabi-
noid system and the GI tract. URB602 might also be used as a
lead compound to develop more potent and specific MGL
inhibitors to further elucidate the role of MGL in GI function.
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