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Abstract
Introduction Tolerance (TOL) and physical dependence (PD) constitute important limitations of opioid therapy. The aim 
of our study was to validate research tools to investigate TOL and PD and to characterize the interactions between opioid 
(OR) and cannabinoid (CB) receptors in these processes in the GI tract.
Methods TOL was assessed through the comparison of morphine ability to inhibit electrically evoked smooth muscles 
contractility in the mouse ileum that was previously incubated with/without morphine for 1 h. To evaluate the PD, the ileum 
was incubated with morphine for 10 min, then challenged with naloxone to induce withdrawal response (WR). The OR/CB 
interactions were evaluated using mixed agonist (PR-38) and AM-251 (CB1 antagonist).
Results The inhibitory effect of morphine on ileal contractions was weaker in tissue incubated with this opioid than in tissue 
incubated without opioid. The opposite was noted for PR-38. In tissues exposed to morphine, but not to PR-38, naloxone 
induced a WR. The blockage of CB1 receptors with AM-251 before the addition of PR-38 resulted in a naloxone-induced WR.
Conclusion The co-activation of OR and CB reduced development of TOL and PD to opioids in the mouse GI tract and 
mixed OR/CB agonists are promising alternative to currently used opioid drugs.
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Abbreviations
CB  Cannabinoid
CNS  Central nervous system
DOP  δ- Opioid receptor
EFS  Electrical field stimulation
GI  Gastrointestinal
GPI  Guinea pig ileum
KOP  ĸ- Opioid receptor
MOP  µ-Opioid receptor
OR  Opioid receptor
WR  Withdrawal response

Introduction

For centuries, opioids have been used as effective thera-
peutics in pain management. These agents mediate phar-
macological effect through the activation of opioid recep-
tors (ORs: MOP, KOP, DOP receptors) [1]. Development 
of tolerance and physical dependence to the analgesic 
effect of opioids is one the most important side effects dur-
ing chronic therapy with these drugs. The development of 
tolerance evokes a gradual decrease of opioid activity. The 
increase of drug dose is required to overcome tolerance and 
induce adequate pain relief. Together with the increment 
of a drug dose, a risk of other adverse effects increases, i.e. 
physical dependence. Physical dependence is a condition, in 
which abrupt or gradual drug withdrawal or administration 
of antagonist (in case of opioids—naloxone) causes unpleas-
ant physical symptoms, such as: weight loss, diarrhea, jump-
ing, teeth chattering. These symptoms disappear after the 
administration of drug or over time [2, 3].

Noteworthy, tolerance and physical dependence involve 
the whole organism including the GI tract [4]. It was found 
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that patients chronically treated with morphine develop tol-
erance to its analgesic effect, but not to constipatory action 
of this opioid [3]. Particular parts of the GI tract differ sig-
nificantly in their response to opioids, for example tolerance 
occurs in the ileum, but not in the colon [4–8].

Experimentally, tolerance and physical dependence can 
be induced either by in vivo exposure to opioids or in vitro 
incubation of the isolated tissue from naive animals with 
OR agonists. The measure of tolerance development is a 
decrease of drug activity, while the sign of physical depend-
ence is the presence of so-called ‘withdrawal response’ 
(WR) following the administration of antagonist (commonly 
naloxone). Naloxone evokes a sudden release of excitatory 
neurotransmitters (acetylcholine and substance P) from neu-
rons, what results in a rapid increase in the contractility of 
the smooth muscles (counted as WR) [9–11]. This WR can 
be induced by naloxone even in tissue shortly exposed to 
opioid (few minutes) [12].

One of the strategy of minimization of the adverse effects 
related to opioid therapy includes the simultaneous activa-
tion of ORs and cannabinoid (CB1, CB2) receptors. This 
approach is promising due to the cumulative or synergistic 
effect in vivo and also according to lower potency to induce 
tolerance and physical dependence related to the analgesic 
activity of opioids.

In our study we validated two novel in vitro methods that 
can be applied for fast screening of the following pharmaco-
logical properties of future drugs: the development of toler-
ance and physical dependence in the longitudinal prepara-
tions of the mouse ileum. Moreover, as little is known about 
the influence of the activation of CB receptors in the devel-
opment of tolerance and physical dependence to opioids in 
the GI tract, we aimed to evaluate the effect of co-activation 
of OR and CB receptors (using a mixed OR/CB1 agonist: 
PR-38) on these phenomena in the mouse GI tract [13, 14].

Materials and methods

Animals

In this study, male Balb/C mice weighing from 22 to 26 g 
were used (purchased from The Institute of Occupational 
Medicine, Lodz, Poland). Animals were maintained at the 
constant temperature (22–23 ℃) under 12-h light/dark cycle. 
Mice were housed in sawdust-lined plastic transparent cages 
with a free access to laboratory chow and tap water. All of 
the experiments in this study were performed in accordance 
with respective national guidelines.

Tissue isolation

Mice were sacrificed by cervical dislocation. Subsequently, the 
ileum was gently removed and washed with Tyrode solution 
(NaCl 115.0 mM, KCl 8.0 mM,  KH2PO4 2.0 mM,  NaHCO3 
25.0 mM,  MgCl2 2.4 mM,  CaCl2 1.3 mM, glucose 10.0 mM). 
Full-thickness fragments of the ileum (0.5 cm) were kept in 
Tyrode solution. One end of each ileal fragment was attached 
using a silk thread to the bottom of the individual organ bath, 
another end to a FT03 force displacement transducer (Grass 
Technologies, West Warwick, RI, USA).

Each organ bath contained 25 ml of Tyrode solution oxy-
genated with 95%  O2 and 5%  CO2 at constant temperature 
(37 °C). The changes in tension were amplified by a P11T 
amplifier (Grass Technologies, West Warwick, RI, USA) and 
recorded using the POLYVIEW software (Polybytes Inc., 
Cedar Rapids, IA, USA).

Tolerance development

To induce tolerance to opioid, the mouse ileal preparations 
were incubated in Tyrode solution containing morphine 
 (10–6 M) for 60 min. After this incubation, there was a wash 
out (Tyrode buffer containing opioid was replaced with fresh 
Tyrode solution) and tissue was stimulated with electrical field 
(S88X stimulator, Grass Technologies, 8 Hz, 60 V, pulse dura-
tion 0.5 ms, train duration 10 s), delivered through electrodes 
placed around the tissue. After the 25 min equilibration period, 
the mean amplitude of three twitch contractions was measured 
and treated as an internal control. To assess whether toler-
ance has developed in the ileum, morphine was added cumu-
latively at increasing concentrations into the organ baths  (10–11 
to  10–6 M, 8 min for each concentration). The amplitude of the 
smooth muscle contractions was measured after the addition 
of each dose of opioid and referred as the percentage of the 
internal control.

The inhibitory effect of morphine  (10–11 to  10–6 M) on elec-
trical field stimulation (EFS)-smooth muscle contractility was 
compared between the tissues that were incubated with mor-
phine for 60 min (tissue that became tolerant to morphine) to 
‘naïve’ preparations that were incubated with Tyrode solution 
without opioid. The sequence of procedures of the experiment 
with morphine is presented on the Fig. 1 (Fig. 1A).

The same setup was used to evaluate the potency of PR-38 
to develop tolerance in the ileum. In that case, PR-38 was used 
instead of morphine (at the same concentration as morphine).

Naloxone‑induced withdrawal response

At the beginning of the set up, the ileal tissues were chal-
lenged with bethanechol  (10–6  M, added twice), which 
evoked strong contractions of longitudinal smooth muscles 
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referred as an internal control (mean of two measures). 
Then, morphine  (10–6 M) was added into the organ bath. 
After 10 min of incubation with opioid, tissues were chal-
lenged with OR antagonist, naloxone  (10–6 M). An observed 
increment of the smooth muscle contractility immediately 
after exposure to naloxone was considered as withdrawal 
response (WR), a measure of physical dependence develop-
ment (Fig. 1B, C). Although, each ileal preparation was used 
twice, in results section we present only the first experiment 
as the results were comparable. Morphine was used to vali-
date this method: we adjusted the duration of exposure to 
opioid (3–15 min), the moment of amplitude measurement 

after the naloxone addition to the organ bath. Naloxone 
at concentration of  10–6 M and 10 min of incubation was 
selected as optimal conditions according to the repeatability 
and reproduction of results.

To evaluate whether CB receptors are involved in the 
occurrence of naloxone-induced WR we performed experi-
ments with WIN 55,212-2, a potent CB receptors agonist.

After validation of this method we assessed the potency 
of mixed OR/CB1 agonist, PR-38, to induce physical 
dependence in the mouse ileum. Noteworthy, to determine 
the involvement of CB receptors component in the develop-
ment of physical dependence, the activity of CB1 receptors 

Fig. 1  Procedures in the assessment of tolerance (A) and physical dependence (B). The recordings from the experiment with morphine, which 
present the course of the physical dependence set up (C)



1150 A. Szymaszkiewicz et al.

1 3

was blocked with AM-251  (10–7 M). AM-251 was added 
10 min before the PR-38 into the organ bath.

Drugs

All components of Tyrode solution were purchased from 
Sigma-Aldrich (Poznan, Poland). Naloxone hydrochloride, 
WIN 55,212-2 and AM-251 hydrochloride were purchased 
from Tocris Bioscience (Ellisville, MO, USA). Morphine 
sulfate was obtained from Polfa (Warsaw, Poland). 2-O-cin-
namoyl-salvinorin B (PR-38) was synthesized in the Depart-
ment of Biomolecular Sciences and Research Institute of 
Pharmaceutical Sciences (University of Mississippi, MS, 
USA) [15].

In the in vitro experiments, all drugs were dissolved in 
dimethyl sulfoxide (DMSO). Importantly, DMSO alone had 
no effects on the observed parameters.

Statistics

In the in vitro experiments, n indicated the number of indi-
vidual tissues from ≥ 3 different animals. Statistical analyses 
were performed using PRISM 9.0 (GraphPad Software Inc., 
La Jolla, CA) and Statistica 13 software (StatSoft, Tulsa, 
OK, USA). The Shapiro–Wilk test was used to confirm the 
Gaussian distributions of raw data, as well as the distri-
butions of differences between pairs in the case of paired 
comparisons. Dose–response curves in tolerance develop-
ment experiments were fitted by non-linear regression (the 
log(inhibitor) vs. response equation, and the extra-sum-of-
squares F test was used to compare the groups of morphine 
incubated with Tyrode containing morphine vs. morphine 
incubated with Tyrode alone and PR-38 incubated with 
Tyrode containing PR-38 vs. PR-38 incubated with Tyrode 
alone.

The significance of the effects of the smooth muscle con-
tractions, interpreted as withdrawal response on upon utiliz-
ing MOR/WIN and NAL or PR-38 (alone and in the pres-
ence of AM-251) and NAL was tested by the non-parametric 
Wilcoxon signed rank test. p values < 0.05 were considered 
statistically significant.

Results

We used morphine to validate an in vitro method to assess 
development of tolerance in the mouse ileum. We observed 
that morphine  (10–11 M–10–6 M) inhibited EFS-induced 
smooth muscles contractions in a concentration-dependent 
manner.

This inhibitory effect of morphine was significantly 
weaker in tissue preparations that were previously incubated 

with morphine for 60 min in comparison to the ileal seg-
ments that were incubated without opioid (Fig. 2A). This 
difference is a result of the development of tolerance follow-
ing 60 min incubation with OR agonist.

Fig. 2  A The assessment of the development of tolerance after 1  h 
incubation in Krebs solution containing morphine or without opioid. 
Dose-dependent effects of morphine concentration on % concentra-
tions to EFS in morphine-incubated and Tyrode-incubated ileum. 
Data is presented as a mean ± SEM; n = 6 while n indicated the num-
ber of individual tissues from ≥ 3 different animals for morphine-
incubated ileum (solid line, black squares) and Tyrode-incubated 
ileum (dashed line, white squares). B Tolerance development in 
the ileum incubated with PR-38 or vehicle for 1 h. Dose-dependent 
effects of PR-38 concentration on % concentrations to EFS in PR-
38-incubated and Tyrode-incubated ileum. Data are presented as a 
mean ± SEM; n = 6 while n indicated the number of individual tis-
sues from ≥ 3 different animals for PR-38-incubated ileum (solid 
line, black circles) and Tyrode-incubated ileum (dashed line, white 
circles). The curves (A, B) were fitted to the three-parameter dose–
response non-linear regression curve. p = 0.0331 for Fig.  2A and 
p = 0.0445 for Fig. 2B, based on the extra-sum-of-squares F tests



1151Critical interactions between opioid and cannabinoid receptors during tolerance and physical…

1 3

In further studies we evaluated whether a mixed OR/
CB1 agonist (PR-38) differs from morphine in its potency 
of tolerance development in the mouse ileum. We observed 
that the effect evoked by PR-38 added into the organ bath at 
increasing concentrations  (10–11–10–6 M) was opposite to 
that obtained in experiments with morphine: the incubation 
with PR-38 did not lead to the tolerance development. Inter-
estingly, we found that tissue incubated with PR-38 was even 
more sensitive to further action of agonist that tissue incu-
bated without PR-38. Noteworthy, at lower concentrations 
 (10–11–10–9 M) the inhibitory effect of PR-38 was equal in 
the tissue incubated with and without PR-38 for 60 min (lack 
of tolerance), while at higher concentrations  (10–8–10–6 M) 
the concentration–response curve for PR-38 was shifted to 
the left in the tissue incubated previously with this agonist 
(the increment of the sensitivity to the inhibitory action of 
PR-38) (Fig. 2B).

An in vitro method that enables to evaluate development 
of physical dependence was validated using morphine. We 
observed that in the mouse ileal segment incubated with 
morphine (at  10–6 M) for 10 min, subsequent exposition to 
naloxone resulted in a significant and rapid increase in the 
amplitude of the smooth muscle contractions, interpreted 
as WR (Fig. 3A). The presence of WR is a sign that physi-
cal dependence has developed after the 10 min incubation 
with morphine. In the experiments with CB receptors ago-
nist, WIN 55,212-2, there was no increment of the ampli-
tude of the smooth muscle contractions after the addition 
of naloxone (Fig. 3B). These results indicate that naloxone-
induced WR occurs only in case of activation of OR, not 
CB receptors.

In experiments with mixed OR/CB1 agonist (PR-38), 
we assessed that in the tissue incubated previously with 
PR-38, the exposition to naloxone did not induce the WR 
(Fig. 4A). To evaluate the involvement of CB receptor com-
ponent of PR-38 in the development of physical depend-
ence, we blocked CB activity with antagonist, AM-251 
(Fig. 4B). Noteworthy, in the ileal preparations exposed 
to CB antagonist prior to 10 min incubation with PR-38, 
the addition of naloxone evoked the WR. It indicated that 
the simultaneous activation of OR and CB1 receptors with 
PR-38 abolished the development of physical dependence 
to opioids in the GI tract. Concurrently, a blockage of CB1 
receptor related signaling of PR-38 induced development of 
physical dependence.

Discussion

Over the years, researchers investigated the possible 
options of reduction of the risk of tolerance and physical 
dependence related to the chronic application of opioids. 
Interestingly, development of tolerance to the analgesic 

action of morphine (attributed to the central nervous 
system, CNS) was accompanied by the tolerance to the 
inhibitory effect of this drug in the GI tract. However, 
tolerance occurred in the upper GI tract, but not in the 
colon [5]. In this study, we validated two in vitro methods 
that can be applied in the fast screening of drug ability 
to induce tolerance and physical dependence in the GI 

Fig. 3  The presence of naloxone-induced withdrawal response 
(expressed as an increase in the amplitude of smooth muscles con-
tractility) in the ileum incubated for 10  min with morphine (MOR) 
(A) or WIN 55,212–2 (WIN) (B). The graphs present the amplitude 
contractions referred as a percentage of bethanechol induced contrac-
tions (internal control—dashed line). The amplitude of contractions 
in morphine-dependent tissue was measured right before the addi-
tion of naloxone and then immediately after naloxone administra-
tion into the organ bath. Data presented as ladder plots. Significance 
estimated with the use of Wilcoxon’s signed rank test. In experiments 
with morphine p = 0.0234 (z = 2.2404, N1 = 8, N2 = 8) as compared to 
morphine prior the addition of naloxone. In experiments with WIN 
55,212-2, the results were not statistically significant with p = 0.0645 
(z = 1.8857, N1 = 10, N2 = 10) as compared to WIN 55,212-2 prior 
the addition of naloxone
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tract. Furthermore, as the results of animal studies showed 
that there are numerous factors that affect development of 
tolerance and physical dependence to the analgesic effect 
of opioids (i.e. activation of CB receptors), we evidenced 
that simultaneous activation of OR and CB receptors with 
PR-38, mixed agonist, abolished the development of toler-
ance and physical dependence in the mouse ileum.

Tolerance to opioids could be evoked either in  vivo 
(repeated administration of drug) or in vitro (incubation of 
tissue with opioid). Ross et al. [5] reported that longitudinal 
preparations of the ileum from morphine-tolerant mice (ani-
mals with implanted pellet containing 75 mg of morphine) 
became resistant to stimulation with morphine in vitro (in 
organ baths): the inhibitory action of morphine on EFS-
stimulated contractility in the ileum isolated from morphine 
pelleted mice was significantly weaker than that observed 
in the intestine from placebo-implanted or non-implanted 
mice. In earlier studies on the ileum of guinea pigs (GP), 
it was shown that the incubation or repeated exposure to 
morphine in vitro led to the development of tolerance to the 
effect of morphine on neurogenic contractions in the longi-
tudinal muscles to the same extent as in vivo treatment with 
opioid [4, 6]. As both, in vivo and in vitro exposure to opioid 
could induce tolerance, in our study we adjusted an in vitro 
method of the assessment of tolerance development in the 
murine GI tract. Our results were in agreement with Rezvani 
et al. [6], as they found that 60 min incubation of GP ileum 
preparation with an OR agonist was enough to evoke acute 
tolerance. We assessed that 60 min time period of incuba-
tion with opioid led to the development of tolerance in the 
mouse ileum, as the inhibitory action of morphine on EFS-
stimulated contractions was diminished in the preparations 
pre-incubated with Tyrode solution containing morphine nor 
Tyrode solution alone for the same time period.

Taking into consideration the beneficial effect of co-acti-
vation of OR and CB1 receptors (i.e. synergistic analgesic 
activity), we evaluated whether a cannabinoid component 
of mixed OR/CB ligand (PR-38, derivative of salvinorin 
A, SA) affected the tolerance forming potency of this com-
pound. In our previous studies we found that SA activated 
KOP, CB1, CB2 receptors in the GI tract and thus attenu-
ated colitis, modulated neurogenic ion transport in the colon 
and inhibited the GI transit [13]. However, SA could not 
be applied in clinics due to the psychoactive activity in the 
CNS. PR-38 shared some features with SA (agonistic activ-
ity at MOP, KOP and CB1 receptors), but it was deprived of 
the action in the CNS [14]. Using a newly validated method 
we assessed the potency of PR-38 to develop tolerance in 
the GI tract. We observed that inhibitory action of PR-38 in 
tissue incubated for 60 min in Tyrode solution containing 
PR-38 was not weaker than the effect evoked in the prep-
aration incubated with Tyrode solution alone. In fact, we 
observed that at higher concentrations of this compound, 
incubation with PR-38 increased the sensitivity to further 
activation with the inhibitory action of this drug. We deter-
mined that simultaneous activation of OR and CB recep-
tors with PR-38 attenuated the tolerance development in 
the mouse GI tract, what was in agreement with numerous 
reports on the impact of CB receptors activation on the anal-
gesic effect of opioid. For example, according to Cichewicz 

Fig. 4  The presence of naloxone-induced withdrawal response 
(expressed as an increase in the amplitude of smooth muscles con-
tractility) in the ileum incubated for 10 min with PR-38 (A). Panel B 
shows the presence of WR in tissue pretreated with AM-251 prior the 
addition of PR-38 (B). The graphs show the amplitude contractions 
referred as a percentage of bethanechol induced contractions (internal 
control—dashed line). The amplitude of contractions in morphine-
dependent tissue was measured right before the addition of naloxone 
and then immediately after naloxone administration into the organ 
bath. Data presented as ladder plots. Significance estimated with 
the use of Wilcoxon’s signed rank test. In experiments with PR-38 
alone the results were not statistically significant with p = 0.5186 
(z = 0.7060, N1 = 12, N2 = 12) as compared to PR-38 prior the addi-
tion of naloxone. In experiment with PR-38 + AM-251, p = 0.0001 
(z = 3.2958, N1 = 14, N2 = 14) as compared to PR-38 + AM-251 prior 
the addition of naloxone
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et al. [16], an oral co-treatment with morphine (p.o. twice 
daily for 7 days: 200 mg/kg for 2 days; 300 mg/kg for latter 
days) and CB1 agonist, Δ9-tetrahydrocannabinol (Δ9-THC, 
20 mg/kg, 15 min prior to morphine, twice daily) did not 
induce development of tolerance to antinociceptive effect of 
morphine. Interestingly, Basilico et al. [17] in the study on 
GP ileal myenteric plexus-longitudinal muscle preparations, 
reported the opposite on the role of interactions between OR 
and CB receptors in the tolerance development. In contrast 
to our study, they used two separate agonists: morphine (as 
OR agonist) and WIN 55,212–2 (as CB receptors agonist). 
First, it was assessed that after 5 h time period of incuba-
tion either with MOP agonist or CB receptor agonist, the 
tissues became less sensitive to the further inhibitory action 
of respective ligands, what indicated a development of toler-
ance in both cases. Second, it was reported by that 5 h incu-
bation with WIN 55,212–2 (5 ×  10−8 M) decreased twofold 
maximum inhibitory effect of morphine when compared to 
the tissue incubated without CB agonist. The same results 
were obtained in experiments on the tissue that became tol-
erant to morphine (5 h incubation with opioid,  10−7 M) and 
then acutely exposed to WIN 55,212-2 (8 ×  10−7 M). It was 
determined that co-activation of OR and CB receptors aug-
mented the tolerance development to opioid in the GI tract 
of GP.

The development of tolerance is usually accompanied by 
the occurrence of physical dependence. Thus, we attempted 
to adjust in vitro WR method that would enable to evaluate 
the potency of opioids to develop physical dependence in a 
fast and simple way. In experiments with morphine we meas-
ured that addition of naloxone into the organ bath induced 
a significant increase in the amplitude of the intestinal con-
tractions, which we interpreted as a sign of acute physical 
dependence–withdrawal response (WR). In the past, Col-
lier et al. [4] adjusted the method based on the assessment 
of WR in the GP ileal preparations. They used numerous 
set ups which varied in the concentration of opioid (nor-
morphine 0.01–1 pM), time of incubation (2–24 h) and the 
temperature of incubation (5, 22 or 37 ℃). It was observed 
that in the ileum incubated with normorphine (2–24 h), the 
exposition to naloxone (0.03 pM) at 22 ℃ produced sig-
nificant WR, while there was no WR response in the con-
trol tissue that was incubated without OR agonist. The WR 
was also induced in the tissue incubated with opioid after 
washout and exchange of the incubation buffer. Collier et al. 
[4] concluded that a single, short-term exposition to opioid 
was not enough to induce physical dependence, but Valeri 
et al. [12] found that even short (few minutes) exposition 
to opioid evoked physical dependence. A significant nalox-
one-induced WR was noted in the GP ileum incubated with 
morphine  (10–7 M) for 5 min, what was similar to the results 
obtained in our study in which the exposition to morphine 
lasted 10 min.

To evaluate how the co-activation of OR and CB receptors 
with PR-38 affected the development of physical dependence, 
we examined the presence of naloxone-induced WR in the tis-
sue incubated with this mixed agonist. The only one report on 
the involvement of CB receptors in the opioid-related physical 
dependence in the GI tract was obtained by Basilico et al. [17]. 
It was observed, that in GP ileal myenteric plexus preparations 
that became tolerant to morphine (5 h incubation,  10−7 M) 
the exposition to naloxone  (10−5 M) resulted in strong WR. 
However, in the tissue samples that rendered tolerant to opioid, 
the addition of WIN 55,212-2 (5 ×  10−8 M) 15 min before chal-
lenging with naloxone significantly abolished the WR. Simi-
larly, in our study there was no naloxone-induced WR in the 
tissue incubated with PR-38. Both, our results and the experi-
ments performed by Basilico et al., indicated that simultaneous 
activation of OR and CB receptors diminished the develop-
ment of physical dependence. Noteworthy, we determined 
the role of cannabinoid component of PR-38 in the physical 
dependence development in the setups with CB antagonist, 
AM-251. In particular, strong WR was noted after the addition 
of naloxone in the tissue that was exposed to AM-251 prior to 
the incubation with PR-38. Therefore, we confirmed that the 
simultaneous activation of OR and CB receptors with mixed 
agonist resulted in reduction of physical dependence.

CB and OR exhibit several common features, such as: 
their neuroanatomical distribution, functional over-lapping 
(pain, reward process, anxiety, immune, or the action in the 
GI system), cellular co-localization and similarities in sig-
nal transduction. There are multiple possible mechanisms 
of cross-talk between MOP and CB receptors, as they both 
belong to the G protein—coupled receptors family and trans-
duce signals via activation of Gi/o proteins, what is followed 
by inhibition of the adenylyl cyclase activity, activation of 
Ca2 + channel, neurotransmitter release and stimulation of 
the MAP kinase cascade [18, 19]. The interactions between 
OR and CB receptors could be a consequence of the ability 
of OR and CB receptors to form functional heterodimers 
[20]. Moreover, there is a possible contribution of allosteric 
modulation: agonist-occupied CB receptors act as an allos-
teric modulator of the partner opioid receptor and conversely 
[21]. For instance, it was reported that cannabidiol is a neg-
ative allosteric modulator of MOP: cannabidiol abolished 
the inhibitory action of DAMGO in the electrically induced 
twitch response test in the mouse vas deferens [22]. Interest-
ingly, SA (parent compound to PR-38), besides being partial 
agonist of MOP, acts as a negative allosteric modulator of 
MOP [23]. Allosteric modulation of OR through activa-
tion of CB1 can potentially lead to the decreased potency 
of development of tolerance and physical dependence [21]. 
The beneficial effect of PR-38 on the tolerance and physi-
cal dependence development could result from the allosteric 
modulation of opioid receptors, but it needs to be determined 
if PR-38 is an allosteric modulator of OR in further research.
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Conclusion

In our study, we validated new pharmacological tools that 
allow to assess the development of tolerance and physical 
dependence in the mouse GI tract in vitro in a fast, inexpen-
sive and simple way. Finally, we observed that co-activation 
of OR and CB receptors with PR-38 diminished the occur-
rence of tolerance and physical dependence in the mouse GI 
tract in vitro, further in vivo studies are warranted.
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