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Abstract

Opioid-induced constipation is a major clinical problem. The effects of morphine, and other 

narcotics, on the gastrointestinal tract persist over long-term use thus limiting the clinical benefit 

of these excellent pain relievers. The effects of opioids in the gut, including morphine, are largely 

mediated by the μ-opioid receptors at the soma and nerve terminals of enteric neurons. Recent 

studies demonstrate that regional differences exist in both acute and chronic morphine along the 

gastrointestinal tract. While tolerance develops to the analgesic effects and upper gastrointestinal 

motility upon repeated morphine administration, tolerance does not develop in the colon with 

chronic opioids resulting in persistent constipation. Here, we review the mechanisms by which 

tolerance develops in the small but not the large intestine. The regional differences lie in the 

signaling and regulation of the μopioid receptor in the various segments of the gastrointestinal 

tract. The differential role of β-arrestin2 in tolerance development between central and enteric 

neurons defines the potential for therapeutic approaches in developing ligands with analgesic 

properties and minimal constipating effects.
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INTRODUCTION

Opium obtained from the poppy, Papaver somniferum, has been perhaps the most effective 

medicinal drug available since before the dawn of the twentieth century. Morphine continues 

to be one of the most frequently prescribed drugs for the treatment of moderate to severe 

pain with studies indicating an escalating use in recent years.1 However, side-effects 

associated with its use limit the clinical benefit of this excellent pain reliever in man. Major 

side-effects of opioids include addiction, tolerance, respiratory depression, and constipation. 

The mechanisms by which morphine and other opioids affect the gastrointestinal tract have 

been extensively studied over the last 75 years. However, treatment options for opioid-
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induced constipation are still limited,2,3 although newer therapeutic approaches including 

peripheral opioid receptor antagonists and biased ligands (see below) are promising leads.

Localization of the effect of morphine to the neurons within the myenteric plexus was first 

demonstrated by Paton and Zar.4 Since the early work of Paton,5 the guinea pig longitudinal 

muscle-myenteric plexus (LMMP) preparation has been the tissue preparation of choice to 

study the in vitro effects of morphine and related opioids in the gastrointestinal tract. In this 

preparation, acetylcholine release by electrical field stimulation of the myenteric nerves is 

depressed by opioids resulting in inhibition of longitudinal muscle contraction. The 

pharmacological effects on the myenteric neurons of various narcotics correlate with their 

analgesic potencies, thus making the LMMP an ideal preparation for pharmacological 

assays. Studies utilizing sharp microelectrodes for intracellular recordings further advanced 

the cellular basis by which morphine and other opioids affect neurotransmitter release.6 

Morphine and other opioids induce membrane hyperpolarization by opioids due to opening 

of inwardly rectifying potassium channels of enteric and central neurons as the basis for 

decreased neuronal excitability.7–10 The resulting neuronal hypoexcitability prevents 

acetylcholine release. More recent studies by patch clamp techniques in isolated mouse 

enteric neurons have also shown inhibition of sodium channels as a mechanism for 

decreased neuronal excitability. 11 It should be noted that opioid actions may have distinct 

functional effects depending on their localization. In the soma, morphine decreases neural 

excitability, whereas neurotransmitter release is reduced at the terminals. In the myenteric 

ganglia, presynaptic inhibition results in reduced transmitter release, and decreased 

excitability when morphine is applied directly to the cell bodies. The clinical effects of 

morphine are mediated by the seven transmembrane G-protein-coupled receptors. All three 

opioid receptor types have been demonstrated in the gastrointestinal tract of various species 

i.e., mu (μ), delta (δ), and kappa (κ) receptors, although overwhelming evidence suggest that 

the majority of the effects of clinically used opioids, including morphine, are mediated 

through the μ-opioid receptors. The effects of morphine on GI motility are absent in the μ-

opioid receptor knockout mice.12 Each of the receptor subtypes are encoded by separate 

genes and evidence of alternative splicing resulting in isoforms have also been 

demonstrated13 that may have therapeutic implications (see below). The coupling of the 

receptor to the ion channel is through pertussis-toxin sensitive G-proteins.

The report by Ono et al.14 illustrates an important aspect regarding the regional differences 

in the action of morphine in the small and large intestines. The differences in the various 

segments of the gastrointestinal tract in response to morphine have been subject of much 

work in recent years. This stems from the clinical findings that patients on long-term 

morphine develop tolerance to the analgesic effects but not to the constipating effects,15 in 

as much as many patients refuse opioid treatment for pain relief due to their debilitating 

effects on the gut. Several clinical surveys strongly suggest that opioid-induced bowel 

dysfunction compromises the usefulness of opioid analgesics. 16,17 In patients on long-term 

methadone maintenance, the oral-cecal transit time was significantly lower compared to 

healthy volunteers and similar to those who received a single dose of morphine leading the 

authors to conclude that long-term treatment did not result in tolerance to this effect.18 In a 

prospective study of 214 patients on long-term methadone treatment, 17% of the patients 
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reported a persistent problem with constipation after three or more years of methadone 

maintenance treatment for narcotic addiction.19 In a recent study, Tuteja et al. 20 noted that 

constipation was more commonly reported by patients on long-term opiates. Indeed, the 

study showed that the pervasiveness of constipation increased with duration of treatment and 

that 79% of patients on long-term opioids (2–10 years) reported constipation. These clinical 

observations of persistent constipating effects of opioids with chronic use correlate with the 

findings that tolerance does not develop in the colon.21 In contrast, tolerance occurs in the 

ileum.22–25 The differences in the development of tolerance between the two segments of 

the gastrointestinal tract highlight the need to understand the differences in the mechanisms 

of opioid action in these tissues. Studies of Ono et al.14 provide some insight into this 

difference. Their studies show that morphine-induced contractions of the circular muscle 

occur with least strength in the ileum, increasing in force and duration in the proximal—

distal colon and maintained tone in the rectum. The contractions in the circular muscle are 

thought to arise due to a reduction in the inhibitory tone to the muscle as a result of the 

inhibition of inhibitory transmitter release from the presynaptic terminals21,26,27 and reflect 

the segmental contractions associated with acute morphine administration. Our studies have 

shown that chronic morphine administered over 5 days that renders mice tolerant to the 

antinociceptive effects did not induce tolerance to colonic transit or to circular muscle 

contractions.21

The first indication of the lack of morphine-induced tolerance toward colonic motility was in 

fact noted in dogs in 1926.28 In the rat colon, Burks et al.29 demonstrated that continuous 

infusion of morphine resulted in tolerance in the proximal colon in vivo. In contrast, others 

have found the lack of tolerance to the anti-transit effects of morphine in mice pretreated 

twice daily for 10 days30 or over 8 h of continuous infusion.15 The major effects of 

morphine are enhanced non-propulsive contractions while peristalsis is markedly reduced. 

Therefore, the ability to maintain responses to morphine in the more distal colon/rectum 

resulting in non-propulsive contractions account for the hard and dry stools and can lead to 

fecal impaction.

MECHANISMS FOR MORPHINE TOLERANCE: ROLE OF β-ARRESTIN2

The major drawback to chronic opioid use for pain relief is that increasing the dose to 

compensate for the loss in efficacy raises the risk of adverse events including overdose, 

withdrawal and dependence and persistent constipation. The extent of tolerance varies 

significantly depending on the pharmacological effect e.g., opioid tolerance develops 

quicker to the analgesic effects, whereas little manifests to constipation. The prolonged 

activation of opioid receptors results in adaptations that are compensatory in nature and may 

reflect short-term or long-term tolerance (reviewed by Ref. 31). The acute administration of 

morphine results in rapid desensitization (seconds to minutes) that may be followed by 

short-term tolerance (hours). Prolonged opioid use induces long-term tolerance (days to 

years). The mechanisms underlying morphine tolerance are complex and not fully 

understood. Studies examining morphine tolerance have focused largely on analgesic 

tolerance and the neuronal circuitry associated with it in heterologously expressed cell lines. 

Much less is known with regard to the mechanisms of tolerance development in the enteric 

neurons of the ileum or the lack of it in colonic neurons. One of the canonical pathways 
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associated with opiate tolerance is the process of desensitization/internalization after 

receptor phosphorylation by G protein-coupled receptor kinases and the recruitment of β-

arrestins. Agonist mediated receptor activation leads to G-protein coupling and inducing 

receptor conformation that allows for receptor phosphorylation. The kinases involved in 

receptor phosphorylation are ligand dependent with G-receptor kinase—mediated 

phosphorylation for agonists such as DAMGO, and protein kinase C for e.g., morphine.32 

Receptor phosphorylation facilitates recruitment of β-arrestin2. Desensitization may be 

mediated by the steric hindrance for G protein activation, although β-arrestin2 can also act 

as a scaffolding protein allowing for receptor function through activation of ERK1/2 MAP-

kinase pathway. Internalization of the receptor and recycling can lead to resensitization, 

while endocytosis and further degradation may lead to down-regulation of functional 

receptors on the plasma membrane. A major role for β-arrestin2 in the regulation of 

tolerance was identified in the β-arrestin2 knockout mice. The studies by Bohn et al. 

demonstrated that antinociceptive tolerance is reduced in β-arrestin2 knockout mice,33 

suggesting that maintained levels of β-arrestin2 may be importantly involved in the 

mechanism of analgesic tolerance. In the gastrointestinal tract, acute morphine did not 

reduce colonic transit in the β-arrestin2 knockout mice while it reduced upper 

gastrointestinal transit.34 This has led to the suggestion that morphine signaling requires β-

arrestin2 in the colon.35 Kang et al. 36 further investigated whether the difference in 

morphine tolerance in the ileum and colon was due to differences in the role of β-arrestin2 in 

these two tissues. Prolonged administration of morphine resulted in the down-regulation of 

β-arrestin2 in the ileum but not the colon. This is associated with tolerance in the ileum to 

repeated morphine but not in the colon. In the absence of β-arrestin2 i.e., in the β-arrestin2 

knockout mice, tolerance to morphine develops in the colon and the ileum. The central role 

of β-arrestin2 in the signaling process to tolerance development in the ileum and colon is 

illustrated in Fig. 1. It is noteworthy that repeated administration of etorphine and fentanyl 

which are higher efficacy agonists induced tolerance in the colon.37 This may explain the 

less constipating effects of fentanyl.

Recent studies have demonstrated that β-arrestin2 is localized to choline acetyltransferase 

and μ-opioid receptor positive neurons in the myenteric plexus.38 These findings suggest 

that unlike tolerance development in the spinal and supraspinal neurons that mediate 

antinociception, the regulation of μ-opioid receptors in the enteric neurons are differentially 

regulated by β-arrestin2. Thus, while β-arrestin2 induces tolerance in the central neurons, it 

prevents tolerance in the colonic neurons.

SPLICE VARIANTS AS POSSIBLE DIFFERENCES BETWEEN ILEUM AND 

COLON?

Pharmacological and biochemical studies have supported the concept of multiple variants of 

the μ-opioid receptor for decades.39–42 Clinical findings of incomplete cross-tolerance 

among different opioids toward their pain relieving effects coupled with biochemical data 

demonstrating high and low affinity binding sites led to the designation of μ1 and μ2 

receptor sites. Further pharmacological studies utilizing naloxonazine (NLXZ), an 

irreversible antagonist of the μ opioid receptor, highlighted the differences in the distribution 

AKBARALI et al. Page 4

Neurogastroenterol Motil. Author manuscript; available in PMC 2015 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pattern of the two receptor populations. Pretreatment with NLXZ reduced the 

antinociceptive effects of morphine administered intracereberoventricularly (i.c.v.) but not 

intrathecally (i.t.), indicating that the antinociceptive effects were mediated via the NLXZ-

sensitive μ receptor at the supraspinal level. The existence of multiple type μ receptors was 

also suggested following studies of centrally mediated effects of morphine on 

gastrointestinal motility. Studies by Pasternak and colleagues,15,43 and by Heyman et al.44 

demonstrated that i.c.v. morphine reduced gastrointestinal transit in a NLXZ insensitive 

manner, whereas i.t. mediated inhibition of GI transit by morphine was NLXZ sensitive. 

This is in contrast to the antinociceptive mechanisms raising the possibility that at least two 

μ opioid receptor types may exist at the spinal and supraspinal levels. It is noteworthy that 

these early studies of spinal and supraspinal effects of morphine on gastrointestinal function 

were limited to the small intestine. Recently, Mori et al.45 demonstrated that morphine, 

oxycodone and fentanyl reduced colonic transit through distinct NLXZ—sensitive and—

insensitive receptors at the peripheral and central sites.

Molecular studies have indeed established alternative splice variants of the μ-opioid receptor 

gene, Oprm1.46–48 The Oprm1 was initially cloned as MOR-1 containing 4 exons.49 Exons 

1, 2, and 3 were suggested to encode for the seven transmembrane segment with exon 4 

encoding the intracellular C-terminus. Splice variants have been further identified that differ 

in the C-terminus due to alternative splicing in the 3′ end, and in the N-terminus due to the 

utilization of an alternative promoter region in exon 11. At least 17 protein encoding splice 

variants have been identified, however, all have been cloned from various brain regions. 

None have been identified in the gut. Given the nature of the difference in opioid tolerance 

development between the ileum and colon, it is likely that different splice variants exist 

between the ileum, colon, and central sites. Elucidation and characterization of the splice 

variants will allow for future therapeutic strategies to target analgesic effects without the 

debilitating constipating effects of opioids.

PERIPHERAL OPIOID ANTAGONISTS AND BIASED LIGANDS FOR 

TREATMENT OF OPIOID-INDUCED CONSTIPATION

The conventional approach of treating opioid-induced constipation with laxatives, opioid 

switching, 5-HT4 agonists, or lubiprostone have had limited satisfaction and therefore newer 

strategies have been sought. Peripheral μ-opioid receptor antagonists (PAMORA) have 

recently been developed with some success. Due to their restriction within the periphery, 

PAMORA prevent or reverse decreased GI transit for patients on opioid therapy for cancer 

or non-cancer pain. Methyln-altrexone (MNTX) belongs to a new drug class with selective 

antagonism of peripheral μ-opioid receptors. MNTX is a quaternary derivative of naltrexone, 

whereby increasing the polarity and reducing lipid solubility prevents the drug from crossing 

the blood brain barrier. MNTX is administered subcutaneously and indicated in patients with 

opioid-induced constipation with advanced illness. Abdominal pain and flatulence are major 

side-effects. Alvimopan has a zwitterionic form with a large molecular weight that limits its 

gastrointestinal absorption and central nervous system (CNS) penetration. Alvimopan is 

restricted largely to resolution of postoperative ileus, and is contraindicated in patients who 

have taken therapeutic doses of opioids for more than 7 days. It is restricted to short-term 
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use. While several clinical trials have demonstrated efficacy for these compounds, 

particularly in postsurgery setting, it is not known whether they will be effective in patients 

that require long-term pain relief. Moreover, alvimopan while efficacious for postoperative 

ileus, may be associated with myocardial infarction and limited in the long-term therapy.50 

A pegylated form of naloxone (μ-opioid receptor antagonist), naloxegol has shown 

significant efficacy in treatment of long-term opioid-induced constipation in a recent phase 3 

trial.51,52 Pegylation confers reduced permeability across membranes limiting entry into the 

CNS. This also increases its bioavailability. Over a 52-week period, naloxegol was well-

tolerated, with opioid analgesia being maintained with concomitant opioid therapy. The 

phase 3 trials indicate that naloxogel has limited adverse effects over the long-term with no 

indication of CNS penetration. Due to it being a substrate for p-glycoprotein, it is unclear 

whether drug interaction with inhibitors of p-glycoprotein will induce adverse effects if CNS 

penetration occurs.

The use of PAMORA requires continued opioid therapy for maintaining analgesia. The 

concept of biased agonists has evolved from studies, where certain opioid agonists have 

greater efficacy in G-protein activation than β-arrestin2 recruitment.53 The difference in 

receptor signaling and regulation may be utilized to define agents that have enhanced 

analgesic but less constipating effects, thus avoiding the need for combination treatment. 

TRV130, a compound with strong bias toward G-protein activation and reduced β-arrestin2 

recruitment than morphine, induces strong analgesic responses with reduced constipating 

effects.54 In human trials, TRV130 induced significant greater analgesia than morphine with 

reduced respiratory drive and nausea,55 although constipation was not examined. Consistent 

with our findings that down-regulation of β-arrestin2 results in tolerance in the colon, it is 

tempting to suggest that agents with a bias toward decreased β-arrestin2 recruitment to the 

receptor, result in tolerance to colonic transit without tolerance development to the analgesic 

effects.

Opioid-induced constipation persists in patients on opioid therapy for cancer or non-cancer 

pain. The lack of tolerance development in the colon21 and the increased acute responses to 

morphine in the distal portion of the gastrointestinal tract as shown by Ono et al.14 highlight 

the regional differences in the signaling and regulation of the μ-opioid receptor. Further 

work on receptor variants in the different segments of the gastrointestinal tract and the 

associated signaling mechanisms, and development of long-term peripheral opioid 

antagonists and biased ligands are needed.
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Key Messages

• This review describes the importance of β-arrestin2 down-regulation in the 

development of tolerance in the gastrointestinal tract.
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Figure 1. 
General scheme of the role of β-arrestin2 in the tolerance to morphine in the ileum and 

colon. Agonist binding to the μ-opioid receptor activates G-protein signaling, and 

phosphorylation of the receptor by G-protein receptor kinase or protein kinase C dependent 

on the specific agonist. Phosphorylation leads to recruitment of β-arrestin2. In the ileum, 

repeated administration of morphine results in down-regulation of β-arrestin2 levels and 

development of tolerance. In the colon, repeated morphine administration does not affect β-

arrestin2 levels and tolerance does not develop. Tolerance in the colon develops in the β-

arrestin2 knockout mouse.
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