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Excessive inflammatory responses can emerge as a potential danger for organisms’ health. Physiological
balance between pro- and anti-inflammatory processes constitutes an important feature of responses
against harmful events. Here, we show that cannabinoid receptors type 1 (CB1) mediate intrinsic protec-
tive signals that counteract proinflammatory responses. Both intrarectal infusion of 2,4-dinitrobenzene
sulfonic acid (DNBS) and oral administration of dextrane sulfate sodium induced stronger inflammation
in CB1-deficient mice (CB1~/") than in wild-type littermates (CB1*/*). Treatment of wild-type mice with the
specific CB1 antagonist N-(piperidino-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-pyrazole-3-
carboxamide (SR141716A) mimicked the phenotype of CB17/~ mice, showing an acute requirement of CB1
receptors for protection from inflammation. Consistently, treatment with the cannabinoid receptor ago-
nist R(-)-7-hydroxy-A®-tetra-hydrocannabinol-dimethylheptyl (HU210) or genetic ablation of the endo-
cannabinoid-degrading enzyme fatty acid amide hydrolase (FAAH) resulted in protection against DNBS-
induced colitis. Electrophysiological recordings from circular smooth muscle cells, performed 8 hours after
DNBS treatment, revealed spontaneous oscillatory action potentials in CB17~ but not in CB1*/* colons, indi-
cating an early CB1-mediated control of inflammation-induced irritation of smooth muscle cells. DNBS
treatment increased the percentage of myenteric neurons expressing CB1 receptors, suggesting an enhance-
ment of cannabinoid signaling during colitis. Our results indicate that the endogenous cannabinoid sys-
tem represents a promising therapeutic target for the treatment of intestinal disease conditions charac-

terized by excessive inflammatory responses.

Introduction

Colon pathologies span a wide range of different conditions,
including frankly inflammatory bowel diseases (ulcerative coli-
tis and Crohn disease) and so-called functional bowel diseases
(e.g., irritable bowel syndrome), and represent an important and
widespread health problem in modern society (1, 2). The occur-
rence of an enteric infection, trauma, or inflammation has been
suggested to be related to the initiation of these diseases (2, 3).
During the last decade, several experimental animal models of
inflammatory bowel diseases have been developed to define the
different components of the pathophysiological processes that
characterize these disorders. Among these models, the intrarec-
tal administration of 2,4-dinitrobenzene sulfonic acid (DNBS)
and the oral administration of dextrane sulfate sodium (DSS)
have been extensively used to study the mechanisms of colonic
inflammation and to test anti-inflammatory drugs (4, 5). Infec-
tions, traumata, or chemical insults are believed to induce sever-
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al cellular reactions, which eventually lead to an inflammatory
status of the colon. At the same time, however, protective mech-
anisms aimed at preventing the pathological outcome of proin-
flammatory insults are also induced. Hence, the overall balance
between pro- and anti-inflammatory mechanisms is likely to
determine the progression and severity of colitis. A better under-
standing of intrinsic mechanisms that protect against inflam-
mation would provide an effective starting point for develop-
ment of novel therapeutic treatments.

The major active constituent of the plant Cannabis sativa (mari-
juana), A>-tetrahydrocannabinol, and a variety of natural and syn-
thetic cannabinoids have been shown to possess antinociceptive
and anti-inflammatory activities (6-8). For millennia, Cannabis
preparations have been used in folk medicine for the treatment
of a wide variety of disorders, including those affecting the gas-
trointestinal tract (9). A century ago, extracts of Cannabis were
used in the US to treat gastrointestinal pain of different origins,
gastroenteritis, and diarrhea. There are also anecdotal reports
suggesting that marijuana may be effective in alleviating symp-
toms of Crohn disease (10). Most of the biological actions of
cannabinoids are mediated by two types of cannabinoid recep-
tors, CB1 and CB2, both coupled to G proteins (11-13). Endoge-
nous ligands for cannabinoid receptors (endocannabinoids) such
as the agonists anandamide and 2-arachidonoyl-glycerol (2-AG)
are lipidic messengers derived from arachidonic acid (11-13).
After synthesis in the cell membrane, release into extracellular
space, and action at cannabinoid receptors, endocannabinoids are
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rapidly inactivated by cellular uptake and degradation mediated
by specific enzymes, among which the best-characterized is fatty
acid amide hydrolase (FAAH) (12-14). The discovery of endo-
cannabinoids and the characterization of the mechanisms for
their synthesis and degradation evidenced the existence of the
endogenous cannabinoid system, which exerts many physiologi-
cal functions. Functional CB1 receptors are present on enteric
neurons (15-20), and the gastrointestinal tract produces at least
two endocannabinoids, namely anandamide and 2-AG (8, 20, 21).
In fact, the endogenous cannabinoid system plays a role in the
control of various functions, including gastroprotection, intesti-
nal motility, and secretion (8). In the present investigation, we
examined the role of the endogenous cannabinoid system after
inflammatory insults in the colon and show that this system pro-
vides intrinsic protection against colonic inflammation.

Methods

Animals. Eight- to ten-week-old CB1-deficient (CBI7/~) and
FAAH-deficient (FAAH”") female mice and corresponding wild-
type littermates were used for experiments (22, 23). Mice were in
mixed genetic background, with a predominant C57BL/6N con-
tribution (five backcrosses for both mutant lines). Eight- to ten-
week-old female C57BL/6N mice were purchased from Charles
River Wiga GmbH (Sulzfeld, Germany). Mice were housed under
standard conditions and supplied with drinking water and food
ad libitum. All animal procedures complied with the guidelines
for care and use of laboratory animals of the government of the
state of Bavaria, Germany.

Materials. DNBS was purchased from ICN Biomedicals GmbH
(Eschwege, Germany), DSS from Sigma-Aldrich (Taufkirchen, Ger-
many), and R(-)-7-hydroxy-A®-tetra-hydrocannabinol-dimethylhep-
tyl (HU210) from Tocris Cookson Ltd. (Bristol, United Kingdom).
N-(piperidino-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-pyrazole-3-carboxamide (SR141716A) was a gift from the
National Institute of Mental Health’s Chemical Synthesis and Drug
Supply Program (USA).

Induction of colitis. After 36 hours of starving, colitis was induced
by intrarectal administration of DNBS (5 mg per mouse) using a
modification (24) of the method first described in rats (25). In
pilot experiments, this dose of DNBS was found to induce repro-
ducible colitis without mortality in heterozygous CBI*¥~ mice
(data not shown). Briefly, mice were lightly anesthetized with
isoflurane, and DNBS (5 mg in 100 pl of 50% ethanol) was infused
into the rectum through a catheter (outer diameter 0.8 mm),
inserted 4-5 cm proximally to the anus. Solvent alone (100 ul of
50% ethanol) was administered in control experiments. Colitis was
also induced by oral administration of DSS (5% in drinking water
for 7 days) as described in ref. 26.

Pharmacological treatments. Drugs were injected subcutaneously
(20 ml/kg body weight) under light isoflurane anesthesia.
SR141716A (3 mg/kg body weight) and HU210 (0.05 mg/kg body
weight) were dissolved in vehicle solution (one drop of Tween-80
in 3 ml 2.5% dimethylsulfoxide in saline) and injected 30 minutes
before and 24 hours and 48 hours after DNBS infusion. Vehicle
solution was used in control experiments.

Evaluation of colonic damage. Mice were killed by cervical disloca-
tion 3 days after DNBS treatment, unless otherwise specified, or 7
days after continuous DSS treatment. The colon was removed and
rinsed gently with saline solution, then opened by longitudinal
incision and examined immediately. Colonic damage was assessed
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by a semiquantitative scoring system originally established in rats
(27) and adapted to mice for the present study. Morphology was
scored according to the following scale: 0, no damage; 1, localized
hyperemia without ulcers; 2, linear ulcers without significant
inflammation; 3, one site of ulceration or inflammation; 4, two or
more sites of ulceration or inflammation with a total extension less
than 1 cm; 5, two or more sites of ulceration or inflammation with
a total extension more than 1 cm longitudinally; 6-10, if damage
covered more than 1 cm longitudinally, the score is increased by 1
for each additional 0.5 cm of damage. In the presence of diarrhea,
the score is increased by 1.

Determination of tissue myeloperoxidase activity. Samples of colon
were weighed, frozen, and processed for determination of
myeloperoxidase (MPO) activity. MPO activity represents an index
of neutrophil accumulation (28, 29). Tissue was suspended in hexa-
decyl-trimethyl-ammonium bromide (HTAB) buffer (0.5% HTAB
[Sigma-Aldrich] in 50 mM potassium phosphate buffer, pH 6.0; 50
mg of tissue/ml) and disrupted using a homogenizer. HTAB is a
detergent that releases MPO from the primary granules of neu-
trophils. After one freezing/thawing cycle of the homogenate and
centrifugation (15-30 minutes, 16,000 g, 4°C), 0.1 ml of super-
natant was added to 2.9 ml of 50 mM potassium phosphate buffer
(pH 6.0) containing 0.167 mg/ml of O-dianisidine hydrochloride
and 0.05% H,0O,. Absorbance was measured at 460 nm (Beckman
640U photometer; Beckman Coulter GmbH, Unterschleiffheim,
Germany). MPO was expressed in milliunits per gram of wet tissue,
1 unit being the quantity of enzyme able to convert 1 umol of H,O,
to water in 1 minute at room temperature. Units of MPO activity
per minute were calculated from a standard curve using purified
peroxidase enzyme (Sigma-Aldrich). As considerable variations in
the magnitude of the MPO values were observed between batches
of animals studied during a 12-month period, data for each exper-
iment were normalized to the value obtained in control groups.

In situ hybridization and neuron counting. After isolation, the colons
were snap-frozen on dry ice and stored at -80°C until sectioning.
The colons were mounted on Tissue-Tek (Polysciences Europe
GmbH, Eppelheim, Germany), and 20-um-thick transverse sec-
tions were cut on a cryostat Microtome HM 560 (Microm Inter-
national GmbH, Braunschweig, Germany). Sections were mount-
ed onto frozen Superfrost Plus slides (Fisher Scientific GmbH,
Hannover, Germany), dried on a 42°C warming plate, and stored
at -20°C until use. 3°S-labeled riboprobe for CB1 and pre-
proenkephalin (Enk) were used for in situ hybridization (ISH).
The probe for CB1 was generated as described previously (30, 31).
The cDNA for the generation of the Enk riboprobe was synthe-
sized by RT-PCR on whole mouse-brain RNA preparation, using
the primers 5""TGCACACTGGAATGTGAAGGA and 5’-CACA-
GACCCTAAAATCACAGC, corresponding to bp 57-77 and
887-867, respectively, of GenBank accession no. M13227. ISH and
subsequent exposure to photographic emulsion (Kodak NTB-2
[Sigma-Aldrich] diluted 1:1 in distilled water) were carried out as
described in detail in ref. 30.

Parallel sections, adjacent to the ones used for ISH, were fixed for 1
hour in Carnoy solution and were stained with cuprolinic blue (32)
for total counts of myenteric neurons. The staining solution (0.3%
cuprolinic acid and 1 M MgCl, in 0.025 M sodium acetate buffer, pH
5.6) was applied for 60 minutes at room temperature, and the sections
were then rinsed in distilled water and placed in sodium acetate buffer
(pH 5.6) containing 1 M MgCl,. Finally, sections were rinsed in dis-
tilled water, placed in ethanol and xylene, and then mounted in DPX
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(BDH Chemicals Ltd., Poole, United Kingdom). CB1-positive, Enk-
positive, and cuprolinic blue-positive neurons (total population) were
counted on four to six randomly chosen sections for each animal
(three animals per group) by two independent observers blinded to
animals’ treatment and genotype. On each section, the length of
serosa was measured, and the average number of cells per millimeter
of serosal length was calculated for each mouse. Data were expressed
as percentage of control groups (untreated CBI** mice).
Electrophysiological experiments. The colon was exposed by an
abdominal midline incision. The complete large bowel was removed
and placed into oxygenated Krebs solution of the following com-
position (in mM): NaCl 120.5, KC1 5.9, MgCl, 2.5, NaH,PO4 1.2,
NaHCO; 15.5, CaCl, 2.5, glucose 11.5, pH 7.4. The colon was
opened along the mesenteric border, washed of remaining fecal
material, and pinned out in a Sylgard-lined dissecting dish (Dow
Corning Corp., Midland, Michigan, USA) containing oxygenated
Krebs solution. The distal colon was separated, and mucosa and
submucosa were removed, resulting in sheets of tissue consisting of
circular and longitudinal muscle layers, together with the attached
myenteric plexus. The sheets of distal colon were pinned using
150-200 wolfram wire micropins (15-25 wm in thickness) to the
Sylgard-based electrophysiological chamber with the circular mus-
cle layer uppermost. Experiments with CB17/~ and wild-type litter-
mates at the same time point after induction of inflammation were
performed simultaneously in one electrophysiological chamber.
The chamber was perfused (5 ml/min; Kwik-peristaltic-pump,
World Precision Instruments Inc., Sarasota, Florida, USA) with pre-
warmed (37°C) oxygenated (95% O,/5% CO,) Krebs solution. Tis-
sues were allowed to equilibrate for 90-120 minutes before the start
of the experiments. Capillary glass microelectrodes (borosilicate
glass capillaries, 1.0 mm outer diameter X 0.58 mm inner diameter;
Clark Electromedical Instruments, Edenbridge, United Kingdom)

were made using a microelectrode puller (model P-97, 3-mm-wide
filament; Sutter Instrument Co., Novato, California, USA), were
filled with KCI (3 mM), and had resistances in the range 80-120
MQ. Resting membrane potentials (RMPs) of circular smooth mus-
cle cells were recorded against a ground Ag-AgCl electrode placed in
the bath medium as described in detail in ref. 33. Membrane poten-
tials were amplified (DUO 733 microelectrode amplifier; World Pre-
cision Instruments Inc.) and digitalized with an analogue-to-digi-
tal converter (SCB-68 interface; National Instruments Corp., Austin,
Texas, USA). Permanent recordings of membrane potentials were
made on a personal computer running the LabVIEW 5.0 program
(National Instruments Corp.).

Statistical analysis. Results are expressed as mean + SEM and were
compared using Student’s ¢ test. P values less than 0.05 were con-
sidered statistically significant.

Results

Genetic and pharmacological blockade of CB1 signaling increases severity
of induced colitis. In order to study the involvement of CB1 and the
endogenous cannabinoid system in colon inflammation, we first
used CB1-deficient mice in the DNBS model of colitis. Intrarectal
administration of 100 ul of 50% ethanol did not induce detectable
inflammation in CBI/~ nor in CBI1”* mice, as macroscopically
evaluated (data not shown). Conversely, after intrarectal adminis-
tration of DNBS (5 mg per mouse), macroscopic evaluation of
CBI7~ colons revealed stronger inflammation as compared with
CB1"* colons (Figure 1A). Macroscopic score in CBI7~ mice was
2.2-fold higher than in CB1*/* mice (CBI**, 1.7 + 0.2, vs. CBI/~,
3.7 +0.3, P<0.05; Figure 1A). MPO assay revealed that the degree
of inflammation was higher in CB17~ than in CB1*/* mice (CB1"",
100% + 37%, vs. CB17/-, 230% + 54%, P < 0.05; Figure 1B). Histo-
logical analysis confirmed these observations, showing no differ-
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ences between genotypes in untreated colons (Figure 2, A and B)
and dramatically increased inflammatory signs in DNBS-treated
CBI17~as compared with CBI"/* colons (Figure 2, C and D). In par-
ticular, a notable disruption of the epithelial structure with exten-
sive hemorrhagic necrosis and infiltration of neutrophils into the
mucosa was detected in CBI7/~ colons, with acute inflammation
extending into the submucosa and the muscle layer.

To further substantiate the general involvement of CB1 sig-
naling in colon inflammation, we characterized the development
of colitis in CB1-deficient mice subjected to oral DSS treatment
(5% in drinking water) for 7 days. Macroscopic evaluation of CB17/
colons revealed stronger inflammation as compared with CBI**
colons (Figure 1A). Macroscopic score in CBI7~ was more than
twofold higher than in CB1%* mice (CB17*, 0.8 £ 0.2, vs. CBI7",
2.1+0.4, P<0.05). MPO assay showed that the degree of inflam-
mation was higher in CBI17~ than in CB1"* mice, although the dif-
ference did not reach statistical significance (CB1*%*, 100% + 14.9%,
vs. CBI7/~,423.5% + 189.8%, P = 0.053; Figure 1B).

In order to check for the acute involvement of CB1 in protection
against inflammation, we treated wild-type C57BL/6N mice with the
specific CB1 antagonist SR141716A (3 mg/kg) 30 minutes before and
24 and 48 hours after intrarectal administration of DNBS. Treatment
with SR141716A induced stronger inflammation than treatment
with vehicle. This was shown both by macroscopic scoring of inflam-
matory signs (vehicle, 2.6 + 0.5, vs. SR141716A, 4.1 + 0.3, P < 0.05; Fig-
ure 1C) and by MPO analysis (vehicle, 100% + 48.4%, vs. SR141716A,
346.6% +79.5%, P < 0.0S; Figure 1D). Histological analysis of inflamed
colons confirmed these observations, revealing a more severe trans-
mural colitis in SR141716A-treated specimens, with thickening of the
bowel wall, inflammatory infiltrates, and stronger increase in lym-
phoid-follicle size, associated with adherence to surrounding tissues,
as compared with vehicle-treated controls (Figure 2, E and F).

DNBS-induced colitis is reduced by administration of the potent cannabi-
noid agonist HU210 as well as in FAAH-deficient mice. If the endogenous
cannabinoid system plays an important role in the pathophysio-
logical protection from DNBS-induced colitis, it is conceivable that
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Figure 2

Histological micrographs showing H&E staining from transverse sections
of the colon. (A and B) Colons from CB7++* (A) and CB1~- (B) mice with-
out DNBS treatment. (C and D) Colons from CB7++ (C) and CB1-- (D)
mice 3 days after DNBS treatment. (E and F) Colons from vehicle-treat-
ed (E) and SR141716A-treated (3 mg/kg) (F) C57BL/6N mice 3 days
after DNBS treatment. In particular, note the severe mucosal infiltration
with inflammatory cells, severe submucosal edema, and vascular alter-
ations in CB7-- and SR141716A-treated mice. ML, muscular layer; M,
mucosa; SM, submucosa. Scale bar: 100 um.

stimulation of cannabinoid receptors during inflammatory pro-
cesses might decrease the level of inflammation. Therefore, we
treated C57BL/6N wild-type mice with the potent cannabinoid
agonist HU210 (0.05 mg/kg) 30 minutes before and 24 and 48
hours after intrarectal administration of DNBS. Treatment with
HU210 markedly reduced the levels of inflammation as compared
with treatment with vehicle, as revealed by macroscopic scoring
(vehicle, 3.7 £ 0.5, vs. HU210, 1.8 + 0.3, P < 0.05; Figure 3A) and by
MPO assay (vehicle, 100% + 39%, vs. HU210, 5.4% + 2.7%, P < 0.05;
Figure 3B). Moreover, we analyzed the response to DNBS-induced
inflammation in FAAH-deficient (FAAH~/~) mice, which are pro-
foundly impaired in their ability to degrade anandamide (23). The
macroscopic score in FAAH 7/~ mice was 2.0-fold lower than in
FAAH"* littermates (FAAH"*, 3.8 + 0.8, vs. FAAH /-, 1.9 + 0.5, P < 0.05;
Figure 3C). MPO assay confirmed that the degree of inflammation
was higher in FAAH"" than in FAAH~~ mice (FAAH"*, 100% + 32%,
vs. FAAH7~,22% + 16%, P < 0.05; Figure 3D).

CB1 and Enk mRNA levels are upregulated in the colon after DNBS-
induced inflammation. Using ISH, the levels of CB1 transcripts were
evaluated at a single-cell resolution in colons of CBI** mice either
in control conditions or 3 days after intrarectal administration of
DNBS. In control colons, CB1 mRNA was predominantly expressed
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Pharmacological stimulation of cannabinoid receptors and genetic
enhancement of endocannabinoid levels protect against DNBS-induced
colitis. (A and B) Macroscopic score of colonic inflammation (A) and
levels of MPO activity (B) in vehicle-treated and HU210-treated (0.05
mg/kg) C57BL/6N mice. (C and D) Macroscopic score of colonic inflam-
mation (C) and levels of MPO activity (D) in FAAH** and FAAH--mice.
Data are means + SEM.
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Figure 4
Relative numbers of CB1- and Enk-expressing myenteric neu-

rons are increased 3 days after DNBS treatment, as detected
by ISH. (A and B) Micrographs showing CB1 mRNA in untreat-
ed (A) and in DNBS-treated (B) CB17++ mice. (C) Quantitative
evaluation of CB1-expressing cells in the myenteric plexuses

of DNBS-treated CB7++ mice (white bar, n = 3). (D—G) Micro-

in neurons belonging to the myenteric plexus (Figure 4A). After
DNBS-induced inflammation, an increase in the number of CB1-
expressing cells was observed (Figure 4B). Counting of single CB1-
expressing cells confirmed this observation (untreated, 100% + 17.5%,
vs. treated, 205.2% + 22.9%, P < 0.05; Figure 4C).

The endogenous opioidergic system was recently shown to par-
ticipate in the protection against inflammation in the TNBS
model of colitis through the activation of p-opioid receptors (34).
To test whether the protective functions of the endogenous
cannabinoid system involve the activation of endogenous opioid
signaling, we analyzed Enk mRNA-expressing neurons in untreat-
ed and DNBS-treated colons derived from both CB1*/*and CB1”/
mice. In untreated colons, the number of cells expressing Enk was
not different between genotypes (CB1**,100% + 18.9%, vs. CB17~,
109.3% + 17.1%, P > 0.05; Figure 4, D and E). After DNBS treat-
ment, the number of Enk-expressing cells was significantly
increased in both CBIY* colons (249.0% + 28.7%, P < 0.01 vs.
untreated CBI*/*; Figure 4H) and CB17/~ colons (205.7% + 27.9%,
P <0.05 vs. untreated CBI7/~; Figure 4H). After DNBS treatment,
the number of Enk-expressing cells was significantly increased
both in CB1*/* colons (249.0% + 28.7%, P < 0.01 vs. untreated
CB17* Figure 4, F and H) and in CBI~/~ colons (205.7% + 27.9%,
P <0.05 vs. untreated CBI~~; Figure 4, G and H).

Counts of myenteric neurons were carried out in parallel, on
cuprolinic blue-stained sections adjacent to the ones used for ISH.
Comparable numbers of neurons were shown per unit length of
serosa in DNBS-treated versus untreated colons, as well as in CB1*
versus CBI7/~ mice (untreated CBI*/*, 100% + 5.1%; treated CB1"",
120.7% + 11.6%; untreated CB17/-, 97.8% + 5.7%; treated CB17/-,
109.2% + 6.4%; P> 0.1 for all comparisons); thus, no overt changes
were shown in overall neuronal populations.

Figure 5

Temporal development of DNBS-induced colitis in CB7-- and CB1++
mice. (A) Macroscopic score, (B) MPO activity, and (C) body-weight
changes at different time points after induction of colitis. Values are
means + SEM. *P < 0.05.
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graphs showing Enk mRNA in untreated CB7++ (D), untreated
CB1-~ (E), DNBS-treated CB7++ (F), and DNBS-treated
CB1--(G) colons. (H) Quantitative evaluation of Enk-express-
ing cells in the myenteric plexuses of DNBS-treated CB17++
(white bar, n = 3) and CB171-- (black bar, n = 3) mice. Values are
means + SEM. *P < 0.05, **P < 0.01 vs. respective untreated
controls. Dotted lines, 100%. n = 3 per group. Arrows: CB1- and
Enk-expressing cells. Scale bar: 100 um.
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Figure 6
Intracellular recordings from circular smooth muscles in distal colon
of CB1++ and CB1-- mice to monitor RMPs. Representative traces
are shown for mice before (A), 8 hours after (B), and 24 hours after
(C) induction of colitis. In B and C, note the occurrence of oscillatory
action potentials in CB7-- colons.

ity, and body-weight loss were analyzed during a 3-day time course
in CB1* and CB17- littermates (Figure 5). On day 1, macroscopic
evaluation revealed a significant difference between genotypes
(CB1%%,1.6 £ 0.2, vs. CB17-,2.8 £ 0.3, P < 0.05; Figure 5A), whereas
no significant difference was found in colonic MPO levels (Figure
5B) and body-weight loss (Figure SC) between genotypes. By con-
trast, on day 2 and day 3, significant differences were found in the
analysis of macroscopic score (day 2: CB17*,3.7 £ 0.3, vs. CBI7",
5.5+0.2,P<0.05;day 3: CB1"*,3.2+0.5,vs. CB17-,4.8+0.5,P < 0.05;
Figure SA), in MPO activity (day 2: CBI*/*, 100% = 36%, vs. CB17/",
314% + 105%, P < 0.05; day 3: CB1*/*, 100% + 20%, vs. CB17/",
354% + 163%, P < 0.05; Figure 5B), and in body-weight loss (day 2:
CBI*/*,~7.3% + 1.6%, vs. CB17/~, ~14.1% + 0.7%, P < 0.05; day 3: CBI*/*,
-3.8% + 3.5%,vs. CB17/-,-14.7% + 2.0%, P < 0.05; Figure 5C). There-
fore, macroscopic inflammatory signs were stronger in CB17-
already 24 hours after the inflammatory insult, whereas the effects
of the lack of CB1 on MPO levels and body-weight loss required a
longer period of time to become evident. Additionally, the regain-
ing of body weight of CBI*/* mice on day 3 was absent in CBI7/~
mice (Figure 5C), suggesting that CB1 might play a role in the
recovery from colonic inflammation to reconstitute general health.

Electrophysiological analysis shows spontaneous oscillatory activities in
CB17/- mice at early stages of colonic inflammation. Circular smooth
muscle cells of uninflamed CB1”* mice displayed a stable RMP of
-51.6 + 0.9 mV (n = 4), which was not different from the RMP mea-
sured in CBI7~ mice (-51.1 + 0.6 mV, n = 4, P> 0.05; Figure 6A).
Additionally, 8 hours and 24 hours after DNBS treatment, RMP
was not different between genotypes (8 hours: CB17*,-50.0 + 1.4
mV,vs. CB17/-,-51.3 £+ 0.3 mV, n =4, P> 0.05; Figure 6B; 24 hours:
CBI**,-55.0 + 1.2 mV,vs. CBI/,-53.4 + 1.5 mV, n =3, P> 0.0S; Fig-
ure 6C). In both genotypes, RMP was not changed in the presence
of atropine (1 uM), an inhibitor of cholinergic transmission (data
not shown). After DNBS treatment, however, CBI7~ mice displayed
spontaneous action potentials with a frequency of 26.8 + 2.9 min-!
and an amplitude of 28.8 + 3.9 mV 8 hours after initiation of
inflammation (n = 5), and a frequency of 40.4 + 1.2 min-! and an
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amplitude of 29.3 + 2.6 mV 24 hours after initiation of inflamma-
tion (n = 5). These spontaneous action potentials were not observed
in CBI** mice at any time point after DNBS treatment or in
untreated mice (Figure 6). The rhythmic action potentials were
unchanged in the presence of atropine (1 uM) (data not shown).

Discussion

Upon inflammatory insults, several different cellular pathways are
activated in the intestinal tract, leading to a pathological state (36).
However, simultaneous protective mechanisms are also activated,
and the balance between pro- and anti-inflammatory responses
determines the outcome of the pathological processes (37).

In this study, we analyzed the involvement of the endogenous
cannabinoid system in the development of experimental colitis in
mice, induced by intrarectal DNBS treatment and oral DSS applica-
tion. Genetic ablation of CB1 receptors rendered mice more sensi-
tive to inflammatory insults, indicating a protective role of the CB1
receptors during inflammation. This protection was mediated by an
acute activation of the endogenous cannabinoid system rather than
being caused by developmental defects due to the lifelong absence of
CB1 receptors, since pharmacological blockade of CB1 with the spe-
cific antagonist SR141716A led to a worsening of colitis that was
similar to that observed in CB1-deficient mice. The involvement of
the endogenous cannabinoid system in the modulation of the acute
phase of DNBS-induced colitis is further supported by the increased
levels of transcripts coding for CB1 in wild-type mice after induction
of inflammation. By ISH experiments, the number of CB1-express-
ing cells was found to be significantly increased after inflammation,
without any simultaneous significant increase of the total number
of neurons. Thus, it appears that neurons that express undetectable
or very low levels of CB1 receptor in basal conditions, start to express
this receptor to enhance endocannabinoid signaling.

The protective role of the endogenous cannabinoid system was
observed 24 hours after DNBS treatment and became more evi-
dent on day 2 and day 3. However, increased spontaneous spiking
activity of smooth muscle cell membrane of DNBS-treated colons
from CBI7~ mice was already visible 8 hours after DNBS treat-
ment, indicating that inflammation-induced irritation of smooth
muscle occurs at an earlier stage than in wild-type mice. This gives
further support to the notion that the endogenous cannabinoid
system is protective against inflammatory changes. These data
indicate that the activation of CB1 and of the endogenous
cannabinoid system is an early and important physiological step
during self-protection of the colon against inflammation.

The occurrence of dysmotility in inflammatory diseases of the
small or the large intestine is widely accepted. Contractility of
smooth muscle to cholinergic or tachykinergic stimuli is increased
in the early stages and decreased in the later stages of inflammation
(38, 39), and contractility following electrical neuronal stimulation
in the inflamed gut is increased (40). The electrophysiological
changes in the distal colon, as used in this study, show increased
smooth muscular excitability, leading to the occurrence of sponta-
neous spiking activity. This kind of irritation was recently described
for guinea pig distal colonic neurons, leading to the suggestion that
dysmotility in inflamed colon is due to a disruption of the afferent
limb of the intrinsic motor reflexes (41). In these changes, the release
of tachykinins from capsaicin-sensitive neurons might play a major
role (42), whereas cholinergic mechanisms seem not to be involved.
These observations are in good agreement with our results, suggest-
ing a cholinergic-independent mechanism, since the spiking activi-
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ty was not changed after atropine application. Consistent with this
hypothesis, CB1 receptors, identified by immunohistochemistry on
substance P-containing neurons (43), have been shown to be
involved in the noncholinergic control of intestinal motility (44).

In the small intestine, an involvement of CB1 receptors in the con-
trol of intestinal motility during croton oil-induced inflammation
was recently evidenced. Izzo et al. showed that pharmacological
administration of cannabinoids is able to delay gastrointestinal
transit in croton oil-treated mice (45). Increased levels of CB1 recep-
tor expression in inflamed jejuna may contribute to this protective
effect (45). However, this work was not able to reveal a physiologi-
cal protective action of the endogenous cannabinoid system against
enteritis, since administration of the CB1 antagonist SR141716A
alone failed to specifically worsen inflammation-induced gut hyper-
motility. By applying genetic and pharmacological approaches, our
present investigation extended the observations by Izzo et al. (45) to
the large intestine and, using morphological criteria, MPO mea-
surements, and electrophysiological recordings, included the deter-
mination of inflammatory responses in the absence of a function-
al endogenous cannabinoid system. Most importantly, we were able
to clearly show a physiological protective role of the endogenous
cannabinoid system against intestinal inflammation.

A protective role against colon inflammation was recently
shown for the endogenous opioidergic system (34), and a cross-
talk between endogenous cannabinoid and opioid systems has
been proposed (46). We found that DNBS treatment increased the
levels of mRNA encoding the endogenous opioid Enk in the
colon. This increase was present in DNBS-treated colons of both
genotypes, indicating that CB1 receptors are not necessary to
induce the increase in Enk mRNA levels during inflammatory pro-
cesses. However, these results do not exclude a possible cross-talk
between the two protective endogenous systems, and further
investigations are needed to clarify this issue.

FAAH is the major enzyme involved in the degradation of several
bioactive fatty amides, in particular of anandamide (47), and its
genetic deletion in mice leads to strongly decreased ability to degrade
this endocannabinoid and to an increase of anandamide levels in sev-
eral tissues (23). FAAH-deficient mice showed significant protection
against DNBS treatment. Moreover, pharmacological stimulation of
cannabinoid receptors with the potent agonist HU210 also induced
a reduction of experimental colitis. Anandamide is believed to act
not only through CB1 receptors, but also through other targets,
including the peripheral cannabinoid receptor CB2 and the vanilloid
receptor TRPV1 (48). On the other hand, HU210 is also able to stim-
ulate CB2 (13). Therefore, it cannot be excluded that decreased
inflammation in FAAH~~ mice and the anti-inflammatory actions
of HU210 are due to the activation of other targets than CB1 recep-
tors. However, our data from CBI7/~ and SR141716A-treated mice
clearly point to a central role of CB1 in the physiological control of
colonic inflammation. A recent investigation showed that cholera
toxin-induced accumulation of intestinal fluid in mice is modulat-
ed by activation of the endogenous cannabinoid system acting
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through CB1, but not through TRPV1 nor CB2, receptors (49).
Moreover, CB1 receptors were also shown to modulate gastroin-
testinal motility during croton oil-induced inflammation in mice
(45). However, conclusive results regarding the involvement of
TRPV1 in protective signaling cascades after DNBS treatment
should be possible using TRPV1-deficient mice.

The ability of cannabinoid receptor agonists to suppress peritoneal
inflammation and to inhibit inflammation-induced gastrointesti-
nal hypermotility when administered intracerebroventricularly has
recently been shown (45, 50), indicating that cannabinoids may also
act in the CNS to exert their anti-inflammatory activities. As we used
systemic treatments and mutant mice bearing gene deletions in all
cells of the body, we cannot exclude a central component of the anti-
inflammatory effects of the endogenous cannabinoid system during
DNBS-induced colitis. However, the early alterations in electro-
physiological properties of inflamed CB17~ colons and the increased
levels of CB1 mRNA in myenteric plexuses of DNBS-treated colons
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administration of drugs or, conversely, of cannabinoid agonists and
antagonists unable to cross the blood-brain barrier, or the genera-
tion of conditional CB1 mutant mice with tissue-specific deletion of
the gene, will help to clarify this important issue.

In conclusion, this study shows that the endogenous cannabinoid
system is physiologically involved in the protection against exces-
sive inflammation in the colon, both by dampening smooth mus-
cular irritation caused by inflammation and by controlling cellular
pathways leading to inflammatory responses. These results strong-
ly suggest that modulation of the physiological activity of the
endogenous cannabinoid system during colonic inflammation
might be a promising therapeutic tool for the treatment of several
diseases characterized by inflammation of the gastrointestinal tract.
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