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Olorinab (APD371), a peripherally acting, highly
selective, full agonist of the cannabinoid receptor 2,
reduces colitis-induced acute and chronic visceral
hypersensitivity in rodents
Joel Castroa,b,c, Sonia Garcia-Caraballoa,b,c, Jessica Madderna,b,c, Gudrun Schobera,b,c, Amanda Lumsdena,b,
Andrea Harringtona,b,c, Shirdi Schmield, Beatriz Lindstromd, John Adamsd, Stuart M. Brierleya,b,c,*

Abstract
Abdominal pain is a key symptom of inflammatory bowel disease and irritable bowel syndrome, for which there are inadequate
therapeutic options. We tested whether olorinab—a highly selective, full agonist of the cannabinoid receptor 2 (CB2)—reduced
visceral hypersensitivity in models of colitis and chronic visceral hypersensitivity (CVH). In rodents, colitis was induced by intrarectal
administration of nitrobenzene sulfonic acid derivatives. Control or colitis animals were administered vehicle or olorinab (3 or 30
mg/kg) twice daily by oral gavage for 5 days, starting 1 day before colitis induction. Chronic visceral hypersensitivity mice were
administered olorinab (1, 3, 10, or 30 mg/kg) twice daily by oral gavage for 5 days, starting 24 days after colitis induction. Visceral
mechanosensitivity was assessed in vivo by quantifying visceromotor responses (VMRs) to colorectal distension. Ex vivo afferent
recordings determined colonic nociceptor firing evoked by mechanical stimuli. Colitis and CVH animals displayed significantly
elevated VMRs to colorectal distension and colonic nociceptor hypersensitivity. Olorinab treatment significantly reduced VMRs to
control levels in colitis and CVH animals. In addition, olorinab reduced nociceptor hypersensitivity in colitis and CVH states in a
concentration- and CB2-dependent manner. By contrast, olorinab did not alter VMRs nor nociceptor responsiveness in control
animals. Cannabinoid receptor 2 mRNA was detected in colonic tissue, particularly within epithelial cells, and dorsal root ganglia,
with no significant differences between healthy, colitis, and CVH states. These results demonstrate that olorinab reduces visceral
hypersensitivity through CB2 agonism in animal models, suggesting that olorinab may provide a novel therapy for inflammatory
bowel disease– and irritable bowel syndrome–associated abdominal pain.
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1. Introduction

Inflammatory bowel diseases (IBDs), includingCrohn disease and
ulcerative colitis, are chronic relapsing gastrointestinal disorders
with increasing prevalence worldwide.48 Approximately 70% of

patients with IBD experience abdominal pain throughout their
disease, and ;50% experience chronic pain for $5 years,
profoundly impacting their quality of life.63 Irritable bowel
syndrome (IBS) is a functional gastrointestinal disorder charac-
terized by recurrent abdominal pain and altered bowel habits (eg,
constipation, diarrhea, or both).42,44 More than 90% of patients
experience abdominal pain at least weekly3; of all IBS symptoms,
abdominal pain most severely disrupts quality of life9,59 and is
associated with illness severity.56 Pain management is imperative
in the care of patients with IBD or IBS, underscoring the need for
therapies that specifically target abdominal pain.

Activation of colon-innervating spinal sensory afferents by
mechanical and chemical stimuli are key processes contributing
to abdominal pain.23,50 Inflammatory mediators released during
colitis can directly activate and sensitize colon-innervating
afferents, resulting in enhanced responsiveness to chemical
and mechanical stimuli, known as visceral hypersensitivity.7,23,50

These changes in colonic afferent function result in enhanced
nociceptive signals sent to the spinal cord.7,23,31 Therefore, a key
therapeutic strategy for abdominal pain associated with IBD and
IBS is preventing or reducing afferent sensitization.

Cannabinoids are an attractive treatment for abdominal pain in
IBD and IBS. The crystal structures, activation, and signaling
mechanisms of the 2 known cannabinoid receptors, cannabinoid
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receptor 1 (CB1) and 2 (CB2), were recently identified.30,38,40

Cannabinoid receptor 1 is widely distributed and highly
expressed in the brain, where it mediates the psychoactive
effects of cannabis.45,53 By contrast, CB2 is mainly expressed in
immune cells and peripheral tissues, including the colonic
mucosa25,60 and enteric nervous system (ENS).20 Increased
CB2 expression has been demonstrated in preclinical models of
gastrointestinal inflammation39,57 and gut tissue from humans
with IBD60 or IBS.16,19 Cannabinoid receptor agonists showed
activity in preclinical models of visceral and neuropathic
pain,25,34,36,46 and endocannabinoid-like dietary supplements
alleviated abdominal pain and discomfort in a phase 2b study in
patients with IBS.16 However, clinical development of these
candidates has been limited, possibly because of psychoactive
side effects from a lack of selectivity for CB2 vs CB1 or loss of
activity from partial CB2 agonism.2,26

Olorinab (APD371) is an oral, peripherally acting visceral analgesic
and highly selective full agonist of CB2.

26 Its .1000-fold functional
selectivity for CB2 over CB1 and low brain penetration2,26 minimize
the risk of psychoactive effects. Olorinab activated endogenousCB2

in primary rat splenocytes, human HL-60 cells, and primary human
B cells and demonstrated antinociceptive efficacy in preclinical
models of chronic pain.2,26 In a phase 2a study in patients with
quiescent to mildly active Crohn disease, olorinab was well tolerated
and improved abdominal pain.61 Based on these findings, we
assessed the activity of olorinab in reducing visceral hypersensitivity
in rodent models of IBD and IBS.

2. Methods

2.1. Animal studies

All experiments were performed in accordance with the guidelines
of theAnimal EthicsCommitteesof theSouthAustralianHealth and
Medical Research Institute and Flinders University (ethics project
SAM276). Male C57BL/6J mice and Sprague-Dawley rats were
used in all experiments. Mice and rats were sourced from the
specific and opportunistic pathogen-free facility at the South
Australian Health and Medical Research Institute Animal Biore-
sources. The facility is accredited by the Office of the Gene
Technology Regulator and as a physical containment level 2 facility
(license number, cert 3767). The facility also has approval to breed
and rederive lines. Mice were originally purchased from The
Jackson Laboratory (stock number, 000664; breeding barnMP14;
BarHarbor,ME).Ratswere originally purchased fromCharlesRiver
Laboratories (strain code, 400; Wilmington, MA). Mice or rats were
group housed (maximum 5 per cage) within individual ventilated
cages, which were filled with coarse chip dust-free aspen bedding
(PuraChips, Coarse Grade; PuraBed, Niederglatt, Switzerland).
Cages were stored on individual ventilated cage racks within
temperature-controlled housing rooms (22˚C with a 12-hour light
and 12-hour dark cycle). Mice and rats had free access to LabDiet
JL Rat and Mouse/Auto6F chow (St. Louis, MO) and autoclaved
reverse osmosis purified water. The minimum number of animals
needed, without impacting data significance, was obtained using
G*Power software and was based on our historical data. A power
value of 0.80 and an alpha error probability of 0.05 were used to
calculate the group’s size.

2.1.1. Animal models of colitis (inflammatory bowel
disease–like model)

Colitis was induced by administration of trinitrobenzene sulfonic
acid (TNBS; 1 M solution, Cat# 92822; Sigma-Aldrich, St. Louis,

MO) or 2,4-dinitrobenzene sulfonic acid (DNBS; Cat# 556971;
Sigma-Aldrich) as described previously.1,24,31,32 Briefly, 13-
week-old male C57BL/6J mice and 6- to 7-week-old male
Sprague-Dawley rats were fasted overnight with access to 5%
glucose solution. After the fasting period, isoflurane-
anaesthetized animals were administered an intracolonic enema
of DNBS (6.5 mg in 30% ethanol; total volume of 0.1 mL) for mice
and TNBS (12mg in 35% ethanol; total volume of 0.3mL) for rats.
Animals were then individually housed with unlimited access to
soaked food and 5% glucose solution and were subsequently
observed daily for changes in body weight, physical appearance,
and behavior.

2.1.2. Mouse model of chronic visceral hypersensitivity
(irritable bowel syndrome–like model)

Chronic visceral hypersensitivity (CVH) induction was performed
as previously described.15,24,31,51 Briefly, 10- to 11-week-old
male C57BL/6J mice were fasted overnight with access to 5%
glucose solution before administration of an intracolonic enema
of DNBS (6.5 mg in 30% ethanol; total volume of 0.1 mL) under
isoflurane anesthesia. After DNBS administration, animals were
housed individually and monitored daily for changes in body
weight, physical appearance, and behavior. Chronic visceral
hypersensitivity was assessed 28 days after DNBS administra-
tion. Male littermates were used as healthy control animals.

2.1.3. Olorinab treatment

Olorinab doses were selected based on the pharmacokinetic
profile of the compound in rats and efficacious doses in other
preclinical models of pain. Accordingly, our initial in vivo
visceromotor response (VMR) studies were performed in rats.
Healthy control or colitis rats were orally administered either
vehicle control (0.5% methylcellulose) or olorinab (3 or 30 mg/kg)
twice daily (BID) by oral gavage for 5 days starting 1 day before
DNBS or TNBS administration (Fig. 1A). Based on our initial
findings in rats, we expanded the study to CVH mice and used 4
doses of olorinab. For the CVH studies, mice were orally
administered either vehicle control (0.5% methylcellulose) or
olorinab (1, 3, 10, or 30 mg/kg) BID by oral gavage for 5 days
starting at 24 days after DNBS administration (Fig. 1B).

2.2. In vivo visceral pain assessment: visceromotor response
to colorectal distension

The VMR is a nociceptive brainstem reflex consisting of the
contraction of the abdominal muscles in response to noxious
distension of the colorectum.47 We measured the VMRs to CRD
as an objective measure of visceral sensitivity in fully conscious
animals.11,12,15,24,35,51 These studies were performed in healthy,
colitis, and CVH animals.

2.2.1. Surgical implantation of electrodes

The VMR was assessed by electromyography (EMG) to quantify
abdominal muscle contractions in response to non-noxious and
noxious CRD as previously published.12,24,35,51 We performed
these studies in both rats (healthy and colitis) and mice (healthy
and CVH). Briefly, 3 days before VMR assessment, rats and mice
were anesthetized with isoflurane, and a 1 cm incision was made
just superior to the right inguinal ligament, exposing the external
oblique abdominal muscle. Two polytetrafluoroethylene–coated
stainless-steel wires (Advent Research Materials Ltd, Witney,
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United Kingdom) were sutured into the muscle approximately
5 mm apart. The electrodes were tunneled subcutaneously and
exteriorized at the base of the neck for future access. All rats and
mice received prophylactic antibiotics (Baytril [enrofloxacin],
Bayer AG; 5 mg/kg subcutaneously) and pain relief (buprenor-
phine 0.05 mg/kg subcutaneously). After surgery, animals were
single housed to protect the EMG electrodes.

2.2.2. Assessing visceromotor response to colorectal
distension

On the day of VMR assessment, rats and mice were briefly
sedated with isoflurane and received a 500 mL saline enema to
remove any fecal pellets in the distal colon. A lubricated, latex
balloon (4.0 cm in length for rat studies, 2.5 cm in length for
mouse studies) was gently passed through the anus and inserted
up to 0.5 cm proximal to the anal verge. Once in position, the
balloon catheter was secured to the base of the tail and
connected to a barostat (ISOBAR-3, G&J Electronics Inc,
Toronto, Canada) for pressure-controlled rapid inflation. Animals
were then transferred to a restrainer with dorsal access, and the
EMG electrodes were relayed to a data acquisition system.

Rats and mice were allowed to regain consciousness for at
least 10 minutes (mean, 29 minutes; range, 13-37 minutes)
before the distension sequence was initiated. Distensions were
applied by the barostat in a pressure-controlled fashion, ranging
from the non-noxious to the noxious range (20, 40, 50, 60, 70,
and 80 mm Hg of 20 seconds in duration with 4-minute intervals
between consecutive distensions). The corresponding EMG
signal was recorded (NL100AK AC Preamplifer headstage;
Digitimer Ltd, Welwyn Garden City, United Kingdom), amplified
(gain 2k; NL104A AC Preamplifier; Digitimer Ltd), filtered
(bandpass 50-5000 Hz, NL125/126 Band Pass Filter; Digitimer
Ltd), digitized (CED Micro1401; Cambridge Electronic Design
Ltd, Cambridge, United Kingdom), and stored for analysis.

2.2.3. Colonic compliance

Immediately after VMR assessment, the balloon was manually
inflated with known volumes of air (0.25, 0.5, 0.75, 1.0, 1.25, and
1.5mL for rat studies and 40, 80, 120, 160, and 200mL formouse
studies), and the corresponding intracolonic pressure was
recorded to construct volume–pressure curves as a measure of
colonic compliance.11,12,15,24,35

2.2.4. Visceromotor response statistical analysis

The analog EMG signal obtained from the VMR recordings was
rectified and integrated. To quantify the magnitude of the VMR at
each distension pressure, the area under the curve (AUC) during
the distension (20 seconds) was corrected for the baseline activity
(AUC predistension, 20 seconds).11,12,15,24,35 Total AUC was
quantified by adding the individual AUC at each distension
pressure.15,35 Data are presented as mean 6 SEM, where N
represents the number of animals. Area under the curve data were
statistically analyzed by the generalized estimating equations
method followed by a least significant difference (LSD) post hoc
test when appropriate using IBM SPSS Statistics 23.0. Total AUC
data were analyzed using unpaired 2-tailed t tests (for differences
between 2 groups) or one-way analysis of variance (ANOVA) with
post hoc analysis conducted with the Tukey multiple comparisons
test (for differences between more than 2 groups). Analysis and
figures were prepared using GraphPad Prism version 7.0.
Differences were considered significant at P , 0.05.

2.3. Ex vivo mouse colonic primary afferent
preparation recording

Single-unit extracellular recordings from splanchnic colonic
afferent nerves were made from healthy, colitis (IBD-like), and
CVH (IBS-like) mice as previously described.6,14,31 The colon
(5-6 cm) and mesentery (containing the lumbar colonic nerves)

Figure 1. Study design schematic: Overview of the timing of colitis induction with intracolonic TNBS or DNBS administration, oral administration of olorinab or
vehicle, and VMR recordings are outlined for (A) IBD (colitis) and (B) IBS (CVH) rodent models. BID, twice daily; CVH, chronic visceral hypersensitivity; DNBS, 2,4-
dinitrobenzene sulfonic acid; IBD, inflammatory bowel disease; IBS, irritable bowel syndrome; TNBS, trinitrobenzene sulfonic acid; VMR, visceromotor response.
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were removed intact, along with either the attached neurovascular
bundle containing the inferior mesenteric ganglion and splanchnic
nerve. The tissue was transferred to ice-cold Krebs solution, and,
following further dissection, the distal colon and rectum were
opened longitudinally along the antimesenteric border to orientate
lumbar colonic insertions to lie along the edge of the open
preparation. The tissue was pinned flat, mucosal side up, in a
specialized organ bath consisting of 2 adjacent compartments
generated from clear acrylic (Danz Instrument Service, Adelaide,
South Australia, Australia), the floors of which were lined with
SYLGARD 184 (Dow Corning Corp., Midland, MI). The neuro-
vascular bundle containing the splanchnic nerve was extended
from the tissue compartment into the recording compartment
where they were laid onto a mirror. A movable wall with a small
“mouse hole” was lowered into position to allow passage of the
nerves and the recording chamber filled with paraffin oil. The
colonic compartment was superfused with a modified Krebs
solution (117.9 mM NaCl, 4.7 mM KCl, 25 mM NaHCO3, 1.3 mM
NaH2PO4, 1.2 mM MgSO4(H2O)7, 2.5 mM CaCl2, 11.1 mM D-
glucose), bubbled with carbogen (95% O2 and 5% CO2) at a
temperature of 34˚C. All preparations contained the L-type calcium
channel antagonist nifedipine (1 mM) to suppress smooth muscle
activity and the prostaglandin synthesis inhibitor indomethacin
(3 mM) to suppress potential inhibitory actions of endogenous
prostaglandins. Under a dissecting microscope, the splanchnic
nerve was dissected away from the neurovascular bundle and the
nerve sheath surrounding the splanchnic nerve. Using fine forceps,
the nerve trunk was teased apart into 6 to 10 bundles, which were
individually placed onto a platinum recording electrode. A platinum
reference electrode rested on the mirror in a small pool of Krebs
solution adjacent to the recording electrode.

2.3.1. Characterization of colonic afferent properties

Receptive fields were identified by systematically stroking the
mucosal surface and mesenteric attachment with a stiff brush.
Once identified, receptive fields were assessed with 3 distinct
stimuli to enable classification: focal compression of the receptive
field with calibrated von Frey hairs (vfh; 2000 mg; each force
applied 3 times for a period of 3 seconds with a 10-second
interval between each application), mucosal stroking with
calibrated vfh (10 mg force applied 10 times), and circular stretch
(5 g for a period of 1 minute). Stretch was applied using a claw
made from bent dissection pins attached to the tissue adjacent to
the afferent receptive field and connected to a cantilever system
through thread. Weights were applied to the opposite side of the
cantilever system to initiate graded colonic stretch. Only circular,
and not longitudinal, stretch was tested in this study. Categori-
zation of afferent properties was accorded based on previously
published classifications4,6,31,35,49 and consisted of colonic
nociceptors responding to focal compression and high-intensity
stretch ($7 g), but not low-intensity stroking (10 mg) nor low-
intensity circular stretch (#5 g).

For colonic nociceptor recordings from healthy, colitis, and
CVHmice, after the baseline firing rate was recorded in response
tomechanical stimulation with vfh (2 g), olorinab (0.01, 0.1, 1.0, or
10 mM) and/or a CB2 antagonist (SR144528; 1.0 mM SR144528
alone or 1.0mMSR144528 plus 1.0mMolorinab) were applied for
10 minutes through a small metal ring to the surface of the
mucosal epithelium of colonic nociceptors, as previously
described.12–15,24,35,49 Measurement of the firing rate in re-
sponse tomechanical stimulationwith vfh (2 g) was repeated after
drug application.

2.3.2. Colonic nociceptor statistical analysis

Electrical signals generated by nerve fibers were amplified,
filtered, digitized, and stored as described previously. Action
potentials were analyzed off-line using the Spike2 version 5.21
wavemark function and discriminated as single units on the basis
of distinguishable waveform, amplitude, and duration. Data are
presented as spikes/second or total number of action potentials
per response. Data are expressed asmeanwith the SEM, and n is
the number of afferents. Data were analyzed using one-way
ANOVA followed by Bonferroni post hoc tests to determine
significance. Differences were considered significant at P, 0.05.

2.4. Quantitative reverse transcription polymerase chain
reaction studies

2.4.1. Isolation of mouse colonic tissue and dorsal root
ganglia

Healthy, colitis, or CVH mice (N5 2-6 per group) were humanely
killed using carbon dioxide asphyxiation followed by cardiac
perfusion, and tissues were quickly isolated. From each group, 2
cm of the distal colon was isolated and placed in ice-cold
phosphate-buffered saline (PBS). The colon was flushed with ice-
cold PBS to remove remaining fecal pellets and was cut
longitudinally to collect the mucosal layer by carefully scraping
the top layer under a dissecting microscope. The mucosal layer
and the remaining tissue (muscle 1 ENS) were separated into
different tubes and snap-frozen in liquid nitrogen. Dorsal root
ganglia (DRG) were isolated concurrently with the colon to
minimize the isolation time and ensure high messenger RNA
(mRNA) integrity. Colon-innervating thoracolumbar (TL; T10-L1)
and lumbosacral (LS; L6-S1) DRG were isolated using the last rib
(T13) as a location marker and stored in 2 separate tubes. TL and
LS DRG were snap-frozen in liquid nitrogen. All tissues were
stored at 280˚C until use as described previously.15,33

2.4.2. Sample preparation

RNA from mouse colonic tissue was isolated using the PureLink
RNA Mini Kit (Invitrogen, Carlsbad, CA) and from mouse DRG
using the PureLink RNA Micro Kit (Invitrogen) according to the
manufacturer’s instructions without modifications as described
previously.13,15,18 All samples underwent an on-column DNase
treatment with the PureLink DNase Set (Invitrogen). The elution
volumes were 60 mL for mouse colonic tissue RNA and 20 mL for
mouse DRG RNA. RNA was aliquoted and stored at 280˚C until
use. RNA quality was assessed using the 2100 Bioanalyzer
Instrument (Agilent Technologies, Inc, Santa Clara, CA) or the
2200 TapeStation System (Agilent Technologies, Inc). All samples
had an RNA integrity number of 6.5 or higher.

2.4.3. Quantitative reverse transcription polymerase chain
reaction and probes

Quantitative reverse transcription polymerase chain reaction (qRT-
PCR) was performed using the EXPRESS One-Step Superscript
qRT-PCR Kit (Invitrogen) and commercially available hydrolysis
probes (TaqMan, Thermo Fisher Scientific). Rodent CB2 genes have
2 distinct promoter regions resulting in differential tissue expression
(CB2A and CB2B).

41 Therefore, 3 TaqMan probes were used to
measure CB2 expression: CB2A (Mm00438286_m1 [mouse Cnr2A
exon 1 1 3]), CB2B (APEPUZ664 [mouse Cnr2B exon 2 1 3]), and
CB2A1B (Mm02620087_s1 [detects both mouse Cnr2A and Cnr2B
isoforms]). Cannabinoid receptor 1 transcript expression was also
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assessed using mouse (Mm01212171_s1 [mouse Cnr1 exon 2])
CB1 probes. b-Actin (Mm00607939_s1), peptidylprolyl isomerase A
(Mm02342430_g1), and glyceraldehyde-3-phosphate dehydrogen-
ase (Mm99999915_g1) were used as reference genes.

Per reaction, 10 mL EXPRESS SuperScript qPCR SuperMix
Universal, 1 mL TaqMan probe, 0.04 mL ROX Reference Dye
(25 mM), 2 mL diethylpyrocarbonate-treated water, 2 mL EXPRESS
SuperScript Mix for One-Step qPCR, and 5 mL template RNA were
used in all experiments. Fifty nanograms of total mouse colonic RNA
perwell was used. Because of yield issues duringRNA isolation from
DRG, some samples could not be used. Therefore, only 25 ng of
total mouse DRG RNA per well was used. Twenty-five to 50 ng of
RNA is a reasonable amount for the detection of low-expressing
targets using this assay. Samples were run in duplicate. PCR runs
were performed on a 7500 Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA). Results were analyzed using the delta
Ct (cycle threshold) method to calculate relative expression levels: N
(0)5 2(Ct [geometric mean of reference genes] 2 Ct [target]).

2.4.4. Quantitative reverse transcription polymerase chain
reaction statistical analysis

All qRT-PCR data were plotted as mean6 SEM. One-way ANOVA
followedby the Tukey post hoc testwas used to determine statistical
significance (P , 0.05) between transcript levels within healthy,
colitis, and CVH states. Two-way ANOVA was used when
comparing transcript expression levels across states.

2.5. RNA in situ hybridization

Healthy, colitis, and CVHmice (N5 6 per cohort) were humanely
killed by overdose of Lethabarb (0.2 mL for 30 g mouse; Virbac,
Milperra, NSW, Australia) administered through intraperitoneal
injection, 28 days after DNBS administration. Heparinized saline
(0.5mL)was injected into the left ventricle of the heart, followed by
warmed phosphate buffer (0.1MPB) inserted through a perfusion
needle. The right atrium was snipped to allow liquids to exit the
circulation. Mice were perfused through a peristaltic pump with
20 mL of warm 0.1 M PB followed by 50 mL of ice-cold 4%
paraformaldehyde (PFA). Two centimeters of the descending
colon was flushed with ice-cold 0.1 M PB to remove fecal pellets
and was placed in ice-cold 4% PFA. Using the lowest rib as a

Figure 2. Olorinab reversed colitis-induced hypersensitivity to CRD in colitis
animals but had no effect in healthy animals. (A) Representative examples of
EMG signals in response to each distension pressure for all animal cohorts. (B)
In healthy rats, compared with vehicle treatment, olorinab administration at the
highest dose of 30 mg/kg failed to alter the VMR to CRD. Comparison was not
significant based on the generalized estimating equation method followed by
the LSD post hoc test (P. 0.05). (C) Total AUC (sum of the AUC obtained at all
distension pressures) of the VMR to CRD showed no difference in response
between healthy rats treated with vehicle or the highest dose of olorinab (30
mg/kg). Comparison was not significant using a 2-tailed unpaired t test (P .
0.05). (D) Vehicle-treated colitis rats exhibited significantly enhanced VMR to
CRD compared with vehicle-treated healthy control rats. Significant increases

in colitis rats were observed across all distension pressures from 40 mm Hg.
Olorinab treatment of colitis rats with doses of either 3 mg/kg or 30 mg/kg
significantly reduced VMR to CRD relative to vehicle-treated colitis rats.
Comparisons were performed using the generalized estimating equation
method followed by the LSD post hoc test. **P , 0.01; †P , 0.001; ‡P ,
0.0001. (E) Total AUC (sum of the AUC obtained at all distension pressures) of
the VMR to CRD shows significantly elevated responses in colitis rats
compared with control rats. Olorinab 3 mg/kg and 30 mg/kg significantly
reduced the total AUC of the VMR toCRD relative to vehicle-treated colitis rats.
Comparisons were performed using a one-way ANOVA followed by a Tukey
multiple comparisons test. *P , 0.05; **P , 0.01; †P , 0.001. (F) No
significant changes in colonic compliancewere observed between healthy rats
treated with vehicle and colitis rats treated with vehicle or olorinab at either
dose. (G) No significant changes in colonic compliance were observed
between healthy rats treated with vehicle or olorinab 30mg/kg. All compliance
comparisons were performed using the generalized estimating equation
method followed by the LSD post hoc test, and results were not significant (P
. 0.05). Data are presented as mean 6 SEM. AUC was calculated as the
difference of area values obtained predistension (20 seconds) minus those
obtained during distension (20 seconds). aSum of the AUC obtained at all
distension pressures. ANOVA, analysis of variance; AUC, area under the
curve; CRD, colorectal distension; EMG, electromyography; LSD, least
squares difference; VMR, visceromotor response.
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marker for T13 and L1DRG, TL DRG (T9-L1) and LSDRG (L6-S1)
were isolated, pooled separately for TL and LS, and placed in ice-
cold 4%PFA. Spinal cord areas that corresponded to the isolated
DRG sections and the entire spleen were also removed and
placed in 4% PFA. All tissues were postfixed in 4% PFA at 4˚C for
20 to 24 hours, then transferred to a series of graded sucrose/
0.1 M PB solutions (10%, 20%, and 30%) each for 24 hours.
Tissue was frozen in Optimal Cutting Compound (Tissue-Tek
OCT Compound, Sakura Finetek, Alphen aan den Rijn, Nether-
lands) and stored at 280˚C until use. Tissue sections were cut
with a cryostat at 10-mm thickness. Sections were mounted in
duplicate or triplicate for each sample of colon and DRG,
respectively, with a randomly selected sample from each group
per slide; some slides also contained a section of spleen (positive
control). Slides were air dried at room temperature and washed in
7.4 pH PBS before the in situ hybridization (ISH) staining protocol.

In situ labelingwas performedwith the RNAscope 2.5 HDManual
Assay BROWN (AdvancedCell Diagnostics, Newark, CA) kit. Briefly,
slides were pretreated with H2O2 solution, washed, and submerged
in heated (.96˚C) target retrieval solution for 10minutes for the colon
or 5 minutes for DRG. Slides were dipped in ethanol, air dried, and
treated with Protease Plus (Advanced Cell Diagnostics) for 30
minutes, followed by the in situ probes for 2 hours in a 40˚C
prewarmed humidity chamber. RNAscope Probes for CB2

(NM_009924.3), a negative control (dihydrodipicolinate reductase
gene [dapB]; EF191515), and a positive control (peptidylprolyl
isomerase B gene; NM_011149.2) were used. Sections underwent
amplification per the manufacturer’s protocol and were counter-
stained the following day with 25% hematoxylin solution, Gill No. 1
(Sigma-Aldrich, Saint Louis, MO), dipped in acid alcohol, and
incubated in Scott’swater bluing agent (3.5 g/LNaHCO3 and 20 g/L
MgSO4; chemicals from Sigma-Aldrich). Sections were dehydrated
by graded ethanol washes followed by 2 xylene baths, mounted in
DPX (Sigma-Aldrich), and dried overnight until imaged. Sections
were imagedwith aNanoZoomerDigital Slide Scanner (Hamamatsu
Photonics, Shizoku, Japan) using 53 to 403 objectives, with no
modifications made to the images.

2.5.1. In situ hybridization analysis

All images were imported into a QuPath image analysis program,
allowing the regions of interest (ROIs) to be created onto the images
covering only the colonic epithelium. The detect positive staining
analysis module with standardized settings (downsample factor 2,
Gaussian sigma 2, hematoxylin threshold “negative” 1 OD units,
DAB threshold “positive” 0.3-0.4 OD units) was then run for each
ROI in each image. This produced measurements for the
percentage of the total ROI stained with “positive pixels.”
Measurements of percentages of the positive pixel area were
collected from 3 to 4 ROIs per image and copied to an Excel
spreadsheet. After all images were analyzed in this fashion, they
were sorted into their experimental groups, and the percentages of
the positive pixel area per ROI per sectionwere plotted and analyzed
using GraphPad Prism (version 8). Data are plotted as all ROIs per
section, average area per section, and average area per mouse.

3. Results

3.1. Olorinab decreased colitis-induced acute
visceral hypersensitivity

To determine the potential for olorinab to reduce acute visceral
hypersenstivity, we evaluated whether olorinab affected visceral
sensitivity to CRD in healthy rats in vivo by measuring the VMR to

Figure 3. Olorinab reversed hypersensitivity to CRD in CVHmice but had no effect
in healthy mice. (A) Representative examples of EMG signals in response to each
distension pressure for all mouse cohorts. (B) Vehicle-treated CVH mice exhibited
significantly enhanced VMR to CRD compared with vehicle-treated healthy control
mice. Significant increases in CVH mice were observed for distension pressures
higher than 40mmHg. Olorinab treatment of CVHmice with doses of 3 mg/kg, 10
mg/kg, or 30 mg/kg significantly reduced VMR to CRD relative to vehicle-treated
colitis mice. Olorinab 1 mg/kg was not effective in reducing VMR to CRD in CVH
mice. Comparisons were performed with generalized estimating equation using an
LSD post hoc test. **P , 0.01; ‡P , 0.0001. (C) Total AUC of the VMR to CRD
showed significantly elevated responses in CVHmice compared with control mice.
Olorinab 3 mg/kg, 10 mg/kg, and 30 mg/kg significantly reduced the total AUC of
the VMR to CRD relative to vehicle-treated CVH mice. Comparisons were
performed using a one-way ANOVA followed by Tukey post hoc tests. *P, 0.05;
†P, 0.001; ‡P, 0.0001. (D) No significant changes in colonic compliance were
observed between healthy mice treated with vehicle and CVH mice treated with
vehicle or olorinab at all doses. Data are presented as mean 6 SEM. AUC was
calculated as the difference of area values obtained predistension (20 seconds)
minus those obtained during distension (20 seconds). aSum of all distension
pressures. ANOVA, analysis of variance; AUC, area under the curve; CRD,
colorectal distension; CVH, chronic visceral hypersensitivity; EMG, electromyogra-
phy; LSD, least squares difference; VMR, visceromotor response.
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increasing CRD pressures by recording EMG activity from
electrodes surgically implanted into the abdominal muscles. The
abdominal EMG activity increased in a graded fashion with
increasing levels of CRD (Fig. 2A). Olorinab 30 mg/kg, the highest
dose tested in this study, hadnoeffect on theVMR toCRD in healthy
rats compared with vehicle-treated control animals (Figs. 2A–C).

We and others have previously demonstrated that colitis in
mice and rats induces pronounced visceral hypersensitivity to
mechanical stimuli.1,7,31,32 Here, we repeated those findings and
found that rats with active colitis (4 days after colitis induction)
displayed pronounced visceral hypersensitivity in vivo. This was
indicated by significantly elevated VMR to CRD at pressures from
40mmHg to 80mmHg comparedwith control animals (Figs. 2A,
D). We also found that the colitis rats displayed significantly
increased total VMRs (combined responses across all distension
pressures) compared with control rats (Fig. 2E). We then treated
animals with 2 different doses of olorinab (3 or 30 mg/kg) or
vehicle and found that both doses of olorinab significantly
reduced the VMR to CRD across distension pressures from
40 mm Hg to 80 mm Hg compared with vehicle treatment (Figs.
2A,D, E). Olorinab at 3mg/kg reduced the VMR toCRDacross all
distension pressures (20-80 mm Hg) back to the levels of
responsiveness observed in vehicle-treated control animals
(Figs. 2D, E), whereas the 30 mg/kg olorinab dose reduced the
VMR to CRD across all distension pressures to below control
levels (Figs. 2D, E). Notably, the compliance of the colon was not
significantly altered by colitis or by olorinab treatment (Figs. 2F,
G), suggesting that changes in the elasticity of the colon did not
contribute to these findings, indicating an effect at the level of the
colonic afferent endings.

3.2. Olorinab decreased colitis-induced chronic
visceral hypersensitivity

We have previously demonstrated that after recovery from colitis,
mice display pronounced visceral hypersensitivity to mechanical

stimuli in the postinflammatory state.8,12–15,17,24,31,32,35,49 Here,
we repeated those findings and found that 28 days after colitis
induction, mice displayed CVH in vivo, as indicated by
significantly elevated VMR to CRD, particularly at distension
pressures from 40 mm Hg to 80 mm Hg, compared with control
mice (Figs. 3A, B). We also found that the CVH mice displayed
significantly increased total VMRs compared with control mice
(Figs. 3A, C). We then treated mice with 4 different doses of
olorinab (1, 3, 10, or 30 mg/kg) or vehicle and found that doses of
3mg/kg, 10mg/kg, or 30mg/kg significantly reduced the VMR to
CRD and the total AUC to CRD relative to vehicle-treated colitis
mice (Figs. 3A–C). By contrast, olorinab 1 mg/kg was not
effective at reducing the VMR to CRD in CVH mice (Figs. 3A–C).
Notably, colonic compliance was unaltered in CVH mice
compared with healthy control mice and was unaltered by
olorinab treatment (Fig. 3D), further supporting the hypothesis
that the analgesic effect of olorinab occurs at the level of the
colonic afferent endings.

3.3. Olorinab reducedmechanical hypersensitivity of colonic
nociceptors from colitis and chronic visceral hypersensitivity
mice through a cannabinoid receptor
2–dependent mechanism

To determine whether olorinab alters colonic sensory function at
the afferent level, ex vivo recordings of colonic nociceptors from
healthy control, colitis, and CVHmice were assessed. We found
that acute application of olorinab (0.01 mM-10 mM) to the
mucosal surface surrounding the afferent ending had no effect
on healthy colonic nociceptor responses to mechanical stimuli
(Figs. 4A–C), which was consistent with our in vivo findings of
olorinab administered to healthy rats. By contrast, olorinab (0.01
mM-10 mM) significantly and dose dependently decreased the
activity of colonic nociceptors from colitis mice, with amaximum
reduction in response to mechanical stimulation of approxi-
mately 50% at the highest concentration of olorinab tested

Figure 4. Olorinab had no effect on colonic nociceptors from healthy mice. (A) The mechanosensitive response of colonic nociceptors from healthy mice was
unaffected by increasing concentrations of olorinab. Comparisons were performed using a one-way ANOVA followed by the Bonferroni post hoc test (P. 0.05).
(B) The change in baseline response of healthy nociceptors in the presence of increasing concentrations of olorinab indicated no effect of olorinab on nociceptor
firing even at high concentrations. (C) Single-unit colonic nociceptor recordings from healthy mice showed mechanical responsiveness was unchanged with
olorinab application. Data are presented as mean 6 SEM. ANOVA, analysis of variance; vfh, von Frey hair.
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Figure 5. Olorinab dose dependently inhibited colonic nociceptors from colitis
mice through a CB2-dependent mechanism. (A) Application of increasing
concentrations of olorinab to ex vivo colonic nociceptor endings isolated from
colitis mice caused a dose-dependent decrease in action potential firing in
response tomechanical stimulation (2 g vfh). Comparisonswere performedusing a
one-way ANOVA followed by the Bonferroni post hoc test (*P, 0.05; **P, 0.01;
†P , 0.001). (B) The change in colitis colonic nociceptor mechanosensitivity
induced by olorinab compared with baseline responses indicated a dose-
dependent decrease in nociceptor firingwith increasing concentrations of olorinab.
(C) Single-unit colonic nociceptor recordings from colitis mice showedmechanical
responsiveness at baseline and dose-dependent inhibition with increasing
concentrations of olorinab. (D) Application of the CB2 antagonist SR144528 had
no effect on the baseline mechanosensitivity of colitis colonic nociceptors and
prevented olorinab-induced inhibition of nociceptor hypersensitivity. Comparisons
were performed using a one-way ANOVA followed by the Bonferroni post hoc test
(P . 0.05). (E) The change in colitis colonic nociceptor mechanosensitivity
compared with baseline demonstrated no inhibitory action of olorinab in the
presence of the CB2 antagonist. (F) Single-unit colonic nociceptor recordings from
colitis mice showed mechanical responsiveness was unchanged with olorinab
application in the presence of the CB2 antagonist. Data are presented as mean6
SEM. ANOVA, analysis of variance; CB2, cannabinoid receptor 2; IBD,
inflammatory bowel disease; vfh, von Frey hair.

Figure 6. Olorinab dose dependently inhibited colonic nociceptors from CVH
mice through a CB2-dependent mechanism. (A) Ex vivo application of
increasing concentrations of olorinab to colonic nociceptor endings isolated
from CVH mice caused a decrease in action potential firing in response to
mechanical stimulation (2 g vfh; *P , 0.05, **P , 0.01, †P , 0.001). (B) The
change in CVH colonic nociceptor mechanosensitivity induced by olorinab
compared with baseline responses indicated a dose-dependent decrease in
nociceptor response with increasing concentrations of olorinab. (C) Single-unit
colonic nociceptor recordings from CVH mice showed mechanical re-
sponsiveness at baseline and dose-dependent inhibition with increasing
concentrations of olorinab. (D) Application of the CB2 antagonist SR144528
had no effect on the baseline mechanosensitivity of CVH colonic nociceptors
and prevented olorinab-induced inhibition of nociceptor action potential firing
in response to mechanical stimulation (2 g vfh; P . 0.05). (E) The change in
CVH colonic nociceptor mechanosensitivity induced by olorinab compared
with baseline demonstrated no inhibitory action of olorinab in the presence of
the CB2 antagonist. (F) Single-unit colonic nociceptor recordings from CVH
mice showed the mechanical responsiveness was unchanged with olorinab
application in the presence of the CB2 antagonist. Data are presented asmean
6 SEM. Statistical analysis was performed using a one-way ANOVA with
Bonferroni post hoc tests. ANOVA, analysis of variance; CB2, cannabinoid
receptor 2; CVH, colonic visceral hypersensitivity; IBS, irritable bowel
syndrome; vfh, von Frey hair.
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(Figs. 5A–C). Although olorinab treatment did not have a
significant effect at a concentration of 0.01 mM, olorinab at
concentrations of 0.1 mM, 1.0 mM, and 10 mM did result in a
significant reduction in mechanosensitivity of colonic nociceptors
from colitis mice (Figs. 5A–C). To confirm that the antinociceptive
effect of olorinab is indeed mediated by CB2, colonic nociceptors
from mice with colitis were treated with the CB2 antagonist
SR144528 with and without concurrent olorinab administration.
SR144528 alone had no effect on the mechanosensitivity of
colonic nociceptors from colitis mice, suggesting a lack of

endogenous CB2 tone in this state (Figs. 5D–F). However,
SR144528 blocked olorinab-induced inhibition of colonic noci-
ceptors from colitis mice (Figs. 5D–F), confirming that CB2

mediates the antinociceptive effect of olorinab in colitis.
To confirm that the antinociceptive effect of olorinab in CVH

states is also mediated by an action on colonic nociceptors, we
performed studies similar to those described for colitis mice.
Direct application of olorinab to the mucosal surface of colonic
nociceptors from CVH mice resulted in a concentration-
dependent reduction in afferent firing to mechanical stimuli

Figure 7. CB1 and CB2 mRNA expression in tissue from healthy, colitis, and CVHmice. (A) CB2 (CB2A1B isoforms) was predominantly expressed over CB1 in the
colonic mucosa from healthy, colitis, and CVH mice, with CB2A as the most prevalent CB2 isoform. (B) In the colonic longitudinal and circular muscle also
containing the myenteric plexus (ENS) from healthy, colitis, and CVH mice, CB1 had the highest relative abundance of all CB receptor transcripts compared with
CB2A1B, CB2A, and CB2B. (C) In TL and LS DRG from healthy, colitis, and CVH mice, CB1 had the highest relative abundance of all CB receptor transcripts. CB2

mRNAwas also detected in the TL and LS DRG, with the CB2A isoform as the predominantly expressed CB2 isoform. Expression profiles did not significantly differ
between healthy, colitis, and CVH states in the (A) colonic mucosa, (B) colonic muscle 1 ENS, or (C) TL or LS DRG (P . 0.05). All comparisons shown were
performed using a one-way ANOVA followed by the Tukey multiple comparison post hoc test (*P, 0.05; **P , 0.01; †P , 0.001; ‡P , 0.0001). CB1 and CB2

mRNA expression was measured relative to reference gene mRNA expression (Ppia, Gapdh, and b-actin) quantified by geometric mean. Data are presented as
mean6 SEM. ANOVA, analysis of variance; CB1, cannabinoid receptor 1; CB2, cannabinoid receptor 2; DRG, dorsal root ganglia; ENS, enteric nervous system;
Gapdh, glyceraldehyde-3-phosphate dehydrogenase; IBD, inflammatory bowel disease; IBS, irritable bowel syndrome; LS, lumbosacral; mRNA, messenger
ribonucleic acid; Ppia, peptidylprolyl isomerase A; TL, thoracolumbar.
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(Figs. 6A–C). A significant reduction in mechanosensitivity was
observed with olorinab at concentrations of 0.1 mM, 1.0 mM, and
10 mM. Colonic nociceptors from CVH mice were also treated
with the CB2 receptor antagonist SR144528, with and without
concurrent olorinab application. SR144528 alone had no effect
on the mechanosensitivity of colonic nociceptors from CVH mice
(Figs. 6D–F), suggesting a lack of endogenous CB2 tone in this
CVH state. However, concurrent administration of SR144528
with olorinab attenuated the olorinab-induced reduction in
mechanosensitivity of colonic nociceptors from CVH mice
(Figs. 6D-F), confirming that the antinociceptive effect of olorinab
in CVH states is mediated by CB2.

3.4. Cannabinoid receptor 1 and cannabinoid receptor 2
mRNA expression within colonic tissue and dorsal root
ganglia in control, colitis, and chronic visceral
hypersensitivity states

Having shown that olorinab reduced colonic hypersensitivity in
colitis and CVH but not in control states and that this effect was
CB2 dependent, we wanted to determine whether CB2 was
expressed at potential sites of olorinab activity and to evaluate
whether CB2 was upregulated in disease states. To do so, qRT-
PCR probes for the 2 CB2 isoforms (CB2A and CB2B) and a probe
that spanned both isoforms (CB2A1B) were used. A CB1 probe
was also used for comparison.

Figure 8. ISH analysis of CB2 mRNA expression in the mouse colon: (A) Positive control tissue for CB2 shows abundant expression of CB2 mRNA using ISH in
cross-sections of the spleen (left panel), whereas the negative control probe (dapB) shows a lack of punctate staining (right panel). (B) CB2 labeling in the colon from
a healthy mouse was prominent within epithelial cells lining the lumen edge and crypts (see arrows and inset) with sparser labeling observed in the lamina propria,
muscularis mucosae, and myenteric plexus. Representative examples of in situ hybridizations for CB2 on cross-sections of the colon from (C) healthy, (D) colitis,
and (E) CVH mice. (F) Quantitative analysis revealed that there was no significant difference in CB2 expression when expressed as CB2-positive area per section
(left panel), average CB2-positive area per section (middle panel), or CB2-positive area per mouse (right panel). All comparisons shown were performed using a
one-way ANOVA followed by the Tukey multiple comparison post hoc test (P . 0.05). Data are presented as mean 6 SEM. CB2, cannabinoid receptor 2; cm,
circular muscle; CVH, chronic visceral hypersensitivity; dapB, dihydrodipicolinate reductase; ISH, in situ hybridization; lm, longitudinal muscle; lp, lamina propria;
LS, lumbosacral; mm, muscularis mucosae; mp, myenteric plexus.
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mRNA expression of CB1 and CB2 was assessed in the
colonic mucosa, the circular and longitudinal muscle of the
colon including the myenteric plexus between them (colonic
muscle 1 ENS), and DRG isolated from healthy control,
colitis, and CVH mice. We found that CB2 was the more
abundant transcript in the colonic mucosa and that there were
no significant differences in CB1 or CB2 isoform expression
between control, colitis, and CVH states (Fig. 7A). By
contrast, CB1 was the predominant isoform in the colonic
muscle 1 ENS, followed by CB2A (Fig. 7B). However, no
significant differences in CB1 or CB2 expression levels were
observed between healthy control, colitis, and CVH states
(Fig. 7B). In the TL and LS DRG that innervate the colon, CB1

was the predominantly expressed cannabinoid receptor,
whereas CB2A was the most abundantly expressed CB2

isoform (Fig. 7C). Overall, there was no significant difference
in isoform expression between the DRG in control, colitis, and
CVH states, suggesting a lack of change in transcription of
these receptors in the DRG at the time points investigated
(Fig. 7C).

3.5. Cannabinoid receptor 2 mRNA localization using in situ
hybridization within colonic tissue and dorsal root ganglia in
control, colitis, and chronic visceral hypersensitivity states

Olorinab reduced visceral hypersensitivity ex vivo and in vivo in
colitis and CVH states but did not significantly change CB2mRNA
expression, as demonstrated by qRT-PCR. Therefore, we sought
to determine the localization of CB2 in colonic tissue and DRG
using ISH. First, the CB2 probe was validated using positive

Figure 9. ISH of CB2 mRNA expression in DRG and proposed mechanism of action of olorinab: (A–C) Representative images of sections of thoracolumbar DRG
from healthymice that underwent hematoxylin staining (blue) and ISH labeling for (A, B) CB2 (brown dots) or (C) the negative probe dapB. Representative images of
CB2 labeling in sections of (D) thoracolumbar and (E) lumbosacral DRG from healthy, acute colitis, and CVH mice. Scale bars 5 20 mm. (F) Hypothesized
mechanism of action of olorinab, which is a highly selective full agonist for CB2 that exhibits low brain penetration. To modulate abdominal pain, olorinab may
activate CB2 located on one or multiple cell types including epithelial cells, immune cells, and afferent nerves within the gastrointestinal wall. Downstream or direct
effects of CB2 activation may then reduce action potential firing of colonic nociceptors. This would reduce the nociceptive signal being sent from the
gastrointestinal tract to the spinal cord, where this nociceptive information is processed and then sent to the brain where pain is perceived. CB2, cannabinoid
receptor 2; CVH, chronic visceral hypersensitivity; DRG, dorsal root ganglia; ISH, in situ hybridization; LS, lumbosacral; TL, thoracolumbar.
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control tissue (spleen), which is known to express CB2 (Fig. 8A).
In colonic tissue, CB2 labeling was prominent within the epithelial
cells lining the lumen and the crypts (Figs. 8B, C). In comparison,
CB2 mRNA labeling was sparser within the lamina propria,
muscularis mucosae, and myenteric plexus (Figs. 8B, C).
Quantitative analysis showed that there was no significant
difference in CB2 expression in the colons from healthy, colitis,
and CVHmice (Figs. 8C–F). We also performed ISH in TL and LS
DRG and found that CB2 mRNA localized in subsets of DRG
neurons from healthy control, colitis, and CVHmice (Figs. 9A–E).

4. Discussion

Visceral hypersensitivity associated with colitis leads to substantial
abdominal pain in patients with IBD. Colitis results in the release of
neuroactive signalingmolecules froma variety of cell types, including
epithelial and immune cells.7,23Numerousmediators can act directly
on receptors expressed by afferent fibers innervating the colon,
resulting in sensitization to mechanical and chemical stimuli.23,50

Importantly, activation of nociceptors can induce an inflammatory
reaction (neurogenic inflammation) by releasing calcitonin gene-
related peptide and substance P from their peripheral terminals,7,23

further increasing afferent sensitization. Similarly, visceral hypersen-
sitivity is a keymechanismunderlying abdominal pain in IBSandmay
result from increased intestinal permeability, altered gut microbiota,
low-grade inflammation, and dysfunction of the brain–gut
axis.7,10,21,23 Therefore, reducing visceral hypersensitivity is a
targeted way to potentially alleviate abdominal pain in IBD and IBS.

In our study, intracolonic administration of TNBS or DNBS was
used to induce colitis resulting in significantly enhanced VMR to
CRD and colonic nociceptor activity compared with control
animals, consistent with the induction of visceral hypersensitivity.
Similarly, in the postinflammatory state, we observed CVH in ex
vivo and in vivo studies. These observations are comparable with
previous reports demonstrating inflammation-induced hypersen-
sitivity of colonic afferents at acute and chronic time
points.1,11–13,15,17,24,31,32,35,49 These findings support the validity
of these preclinical models for the evaluation of the role of CB2

signaling in colitis-induced acute and chronic visceral
pain.1,7,17,23,24,32

Olorinab (3 and 30 mg/kg) significantly reduced the VMR to CRD
in colitis rodents comparedwith vehicle treatment. In the presenceof
olorinab, VMR toCRD in animalswith colitiswas similar to responses
in healthy control animals, and no effects on colonic compliance in
any treatment groupwere observed. Furthermore,mechanosensory
responses of colonic nociceptors were significantly and dose
dependently reduced with olorinab in colitis animals. We found
similar results in our CVH model when mice were administered
olorinab at a time point when visceral hypersensitivity was already
established. We extended these studies in CVH mice to include
additional doses of olorinab and found that 3, 10, and 30 mg/kg
reduced visceral hypersensitivity in vivo. In addition, mechanosen-
sory responses of colonic nociceptors from CVH mice were
significantly and dose dependently reduced by olorinab. In colitis
and CVH states, the antinociceptive activity of olorinab was blocked
by the CB2 antagonist SR144528.

Our data support a previous study using VMR to CRD in
rodents with colitis induced by TNBS to assess the relative roles
of CB1 and CB2.

52 Agonists of both CB1 and CB2 have been
shown to diminish the hypersensitivity caused by colitis, and a
CB1 antagonist could enhance colitis-induced hyperalgesia.52

Similar protective effects of CB2 activation in preclinical models of
colitis have been shown, and these effects were blocked in the

presence of a CB2 antagonist and were absent in CB2-deficient
mice.57 Therefore, the results of this study provide additional
support for the role of CB2 in reducing visceral nociception during
and after colitis and the specificity of olorinab in targeting CB2.

Our data are also in line with previous observations that CB2

activation is an important regulator of neuroimmune function in
small intestinal nerves.28 Bradykinin-induced activation of mes-
enteric afferents in vivo was reversed by the selective CB2 agonist
AM1241, and this effect was completely abolished by the CB2

antagonist AM630.28 Notably, Hillsley and colleagues showed
that AM1241 also inhibited bradykinin effects in mesenteric
afferents from healthy unsensitized animals,28 whereas in our
study, CB2 activationwith olorinab had no impact on VMR toCRD
or mechanosensitive nociceptors in tissue from healthy animals.
Key differences between our study and this previously published
work include ex vivo recordings from colonic afferents vs in vivo
recordings from small intestinal afferents, as well as comparing
the effects of CB2 agonists on mechanical vs chemical
(bradykinin) stimulation of afferents. In addition, not all CB2

agonists activate CB2 in the same manner, with various agonists
showing bias for different signal transduction pathways55;
therefore, AM1241 and olorinab may interact with CB2 differently
resulting in these observations. Furthermore, olorinab is a full
agonist of CB2, which is critical for efficient receptor internalization
and prevention of tachyphylaxis,2,26 whereas AM1241 acts as a
partial CB2 agonist,62 which may also contribute to these
differences. Moreover, our previous research has identified other
G-protein-coupled receptors that appear nonfunctional or
dormant in healthy conditions but become responsive to selective
agonists in disease states.8,17,32 This functional upregulation was
observed with k-opioid receptors (KORs)8,32 and oxytocin
receptors (OTRs),17 which only mediated antinociceptive effects
in colonic nociceptors during colitis or postinflammatory CVH
states, but not during healthy states.8,17,32 Transcriptional and/or
posttranscriptional modifications may contribute to these obser-
vations; however, more studies are needed to understand the
molecular mechanisms accounting for the functional upregula-
tion of KORs, OTRs, and CB2 in diseased states.

Using qRT-PCR, we observed low but detectable levels of CB2

mRNA in the DRG of healthy, colitis, and CVH animals. We also
showed that CB2 mRNA is expressed within the colonic mucosa
and colonic muscle 1 ENS in healthy, colitis, and CVH states.
Interestingly, although CB1 is expressed at higher abundance
than CB2 in the DRG and colonic muscle 1 ENS, in the colonic
mucosa, CB2—specifically the CB2A isoform—predominates.
These findings confirm CB2 expression patterns observed in
previous studies.20,43,60 Our ISH studies further confirm these
observations, with CB2 mRNA predominantly localized in colonic
epithelial cells and some expression also observed in the lamina
propria, muscularis mucosae, myenteric plexus, and subsets of
neurons in the TL and LS DRG. This localization in DRG neurons
confirms previous RNAseq analysis, indicating that some colon-
innervating DRG neurons express CB2 mRNA.29

Although previous work has shown increased expression of
CB2 in preclinical models of gastrointestinal inflammation and
disease39,57 and in colonic tissue from patients with IBD60 and
IBS16,19 compared with healthy individuals, a significant
increase in CB2 mRNA expression was not observed in colitis
or CVH vs healthy states in the tissues investigated in our
study. The lack of change in CB2 mRNA expression in colonic
tissue in colitis or CVH mice we observed is consistent with
other studies using a DNBS-induced colitis mouse model.5

Overall, these differences may be due to several factors. For
example, CB2 expression was assessed at very specific time
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points in the colitis and CVH profile when colonic hypersen-
sitivity is known to be present. However, the kinetics of CB2

transcript upregulation in these acute VH and CVH rodent
models may differ from other models or the longer-term
chronic disease states associated with IBD and IBS. Overall,
our current findings suggest CB2 expression is not dramati-
cally upregulated after an inflammatory trigger, as seen with
OTRs. Rather, CB2 appears to lie in a dormant state until it is
sensitized, much like our previous findings with KORs.8,32

In addition to promoting antinociceptive effects on colonic
afferents, CB2 agonism has been reported to reduce inflamma-
tion in models of IBD.28,39,52,54,57 Activation of CB2 expressed on
immune cells results in changes in the cytokine profile
secreted,37,39,58 which can lead to the modulation of inflamma-
tion and can potentially reduce neuronal sensitization.23,39,50,54

This is further supported by increased susceptibility to TNBS-
induced colitis and inflammation in CB2-knockout mice com-
pared with wild-type mice.22 Furthermore, research using human
explant tissue has shown that activation of CB2, but not CB1, may
protect against cytokine-mediated inflammation and epithelial
damage known to contribute to abdominal pain.27 Future studies
will investigate whether olorinab has potential anti-inflammatory
actions that may mediate or contribute to its antinociceptive
actions.

Overall, these data indicate that olorinab, through selective
activation of CB2, may provide a novel treatment for abdominal
pain associated with IBD and IBS. These data provide further
evidence of CB2-mediated control of visceral hypersensitivity
during or after states of inflammation and increased function of
CB2 in diseased states. We hypothesize that olorinab might
activate CB2 located on one or multiple cell types, including
epithelial cells, immune cells, and nerves in the intestinal wall (Fig.
9F). After receptor activation, direct or indirect effects of CB2

activation may then suppress colonic nociceptors sending
nociceptive signals to the central nervous system. It should be
noted that although these data are derived from well-studied and
validated rodent models of colitis and CVH, as in all animal
models, there is no certainty that the model accurately reflects
human disease in all conditions.

In conclusion, our data indicate that olorinab, a selective full
CB2 agonist, was effective at reducing visceral hypersensitivity in
animal models of IBD and IBS. These preclinical data exploring
the mechanism of action and impact of olorinab on visceral
hypersensitivity support the further evaluation of olorinab in
clinical settings. Olorinab is currently in clinical development for
abdominal pain associated with gastrointestinal conditions,
including IBD (Clinicaltrials.gov identifier, NCT03155945) and
IBS (NCT04043455).
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