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Abstract

The multiple effects of opiate alkaloids, important therapeutic drugs used for pain control, are 

mediated by the neuronal μ-opioid receptor. Among the side effects of these drugs is a profound 

impairment of gastrointestinal transit. Endomorphins are opioid peptides recently isolated from the 

nervous system, which have high affinity and selectivity for μ-opioid receptors. Since the μ-opioid 

receptor undergoes ligand-induced receptor endocytosis in an agonist-dependent manner, we 

compared the ability of endomorphin-1, endomorphin-2 and the μ-opioid receptor peptide agonist, 

[D-Ala2,MePhe4,Gly-ol5]-enkephalin (DAMGO), to induce receptor endocytosis in cells 

transfected with epitope-tagged μ-opioid receptor complementary DNA, and in myenteric neurons 

of the guinea-pig ileum, which naturally express this receptor. Immunohistochemistry with 

antibodies to the FLAG epitope or to the native receptor showed that the μ-opioid receptor was 

mainly located at the plasma membrane of unstimulated cells. Endomorphins and DAMGO 

induced μ-opioid receptor endocytosis into early endosomes, a process that was inhibited by 

naloxone. Quantification of surface receptors by flow cytometry indicated that endomorphins’ and 

DAMGO stimulated endocytosis with similar time-course and potency. They inhibited with 

similar potency electrically induced cholinergic contractions in the longitudinal muscle–myenteric 
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plexus preparation through an action antagonized by naloxone. The apparent affinity estimate of 

naloxone (pA2 ~ 8.4) is consistent with antagonism at the μ-opioid receptor in myenteric neurons.

These results indicate that endomorphins directly activate the μ-opioid receptor in neurons, thus 

supporting the hypothesis that they are ligands mediating opioid actions in the nervous system. 

Endomorphin-induced μ-opioid receptor activation can be visualized by receptor endocytosis.
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myenteric neurons; receptor endocytosis; opioid peptides; opiate alkaloids; neurogenic cholinergic 
contractions; excitatory and inhibitory enteric neurons

The three opioid receptors, designated δ, κ and μ, mediate the biological effects of opioid 

peptides in the central and peripheral nervous system, and can be distinguished by their 

affinity for peptide and alkaloid agonists.24,29,31 For instance, dynorphins are selective for 

κ-opioid receptor, enkephalins are the preferred ligands for δ, whereas endorphins bind to μ 

and δ with similar affinity.6 However, enkephalins, dynorphins and endorphins bind all 

subtypes with moderate selectivity. The μ-opioid receptor (MOR) is also the target of potent 

analgesics with high potential for abuse, such as morphine and fentanyl, and it is considered 

the main mediator in the development of tolerance and drug addiction.29 In view of the 

important biological actions of alkaloids, which include analgesia, respiratory depression, 

inhibition of intestinal transit and secretion, and drug dependence,7,16,18,31 the recent 

identification of endogenous peptides, named endomorphin-1 and endomorphin-2, with high 

affinity and selectivity for the MOR,38 may have important implications for the 

physiological regulation of μ receptor by endogenous ligands. Indeed, endomorphin-1 has a 

4000- and 15 000-fold preference for the MOR over δ and κ receptors, respectively. 

Endomorphin-1 and endomorphin-2 are related peptides isolated from the brain, which have 

powerful μ-selective biological activity, including analgesia. They have similar affinity for 

the MOR as [D-Ala2,MePhe4,Gly-ol5]enkephalin (DAMGO), one of the most potent MOR-

selective enkephalin analogs, but far greater selectivity. However, direct activation of 

neuronal MOR by endomorphin-1 and endomorphin-2 has not been shown.

Biological responses to agonists of the MOR are terminated by receptor desensitization and 

down-regulation, which are mediated by receptor uncoupling from G-proteins and receptor 

endocytosis, intracellular sorting and recycling.15,19,20,23,30 These processes limit the 

duration of excitability and may contribute to opiate tolerance and dependence. However, 

there are remarkable differences in the ability of peptide and alkaloid agonists to activate 

these mechanisms. Whereas enkephalins and the alkaloids, morphine and etorphine, activate 

and desensitize the MOR through the same signaling pathway, only enkephalins and 

etorphine induce rapid endocytosis.17,33 In human embryonic kidney, 293 cells stably 

transfected with murine MOR cDNA containing the signal FLAG epitope at the amino 

terminus, the MOR internalizes rapidly to early endosomes through a mechanism that is 

likely to be clathrin dependent. The MOR is the first example of a G-protein-coupled 

receptor for which intracellular trafficking appears to be highly dependent on individual 

agonists. This agonist selectivity in MOR internalization suggests the existence of different 
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mechanisms regulating opioid system functions, and it may play an important role in the 

development of tolerance.

In this study, we examined the activation of the MOR by endomorphin-1 and 

endomorphin-2, since their effects on the subcellular distribution of the MOR are unknown. 

The aims were to: (i) determine if endomorphins induce endocytosis of the MOR in 

transfected cell lines with similar potency to DAMGO, a high-affinity MOR agonist; (ii) 

examine whether endomorphins activate the MOR in enteric neurons that naturally express 

the MOR; and (iii) determine the effects of this interaction on neurogenic (cholinergic) 

contractions to electrical field stimulation in the longitudinal muscle–myenteric plexus 

preparation from the guinea-pig ileum.

EXPERIMENTAL PROCEDURES

Materials

Endomorphin-1 (Tyr-Pro-Trp-Phe-NH2) and endomorphin-2 (Tyr-Pro-Phe-Phe-NH2) were 

purchased from Anaspec. Inc. (San Jose, CA). DAMGO, tetrodotoxin and atropine sulfate 

were from Sigma Chemical Co. (St Louis, MO). Naloxone was from the UCLA Pharmacy. 

Mouse monoclonal antibodies (M1, M2) to the FLAG epitope were from Eastman Kodak 

Co. (New Haven, CT). A rabbit antibody to a C-terminal fragment of the rat MOR384–398 

was from Incstar Science, Technology and Research (Stillwater, MN). Staining by this 

antibody was comparable to that obtained with a previously characterized affinity-purified 

antibody (MOR387–398)33 and was abolished by preincubation with C-terminal receptor 

fragments, confirming its specificity. A mouse monoclonal antibody to the transferrin 

receptor was from Dr Ian Trowbridge (Salk Institute, San Diego, CA). Affinity-purified goat 

or donkey anti-rabbit or anti-mouse immunoglobulin G coupled to fluorescein 

isothiocyanate or Texas Red was from Cappel Research Products (Durham, NC) or Jackson 

Immunoresearch Laboratories (West Grove, PA).

Cell line

Complementary DNA encoding mouse MOR with an N-terminal FLAG epitope (Met-

DYKDDDDK) subcloned into pcDNA3 was provided by Dr M. von Zastrow (UCSF). 

Kristen murine sarcoma virus transformed rat kidney epithelial cells (KNRK) were 

transfected with this vector by lipofection. Cells were grown in Dulbecco’s modified Eagle’s 

medium with 4.5 g/l of glucose containing 10% (v/v) fetal calf serum, 100 units/ml 

penicillin, 100 μg/ml streptomycin and 400 μg/ml G418. Clones were selected by 

immunofluorescence using the FLAG M1 antibody. Clone KNRK-MOR No. 6 showed 

uniformly high MOR immunoreactivity and was used for all experiments. Cells were plated 

for 48 h before use on glass coverslips coated with poly-L-lysine for immunofluorescence, 

or on plastic for flow cytometry. For immunohistochemistry, KNRK-MOR cells were 

washed in 100 mM phosphate-buffered saline (PBS; pH 7.4) and placed in Dulbecco’s 

modified Eagle’s medium containing 0.1% bovine serum albumin (BSA), 10 μM amastatin, 

1 μM phosphoramidon and 1 μM captopril at 37°C. Cells were incubated with 1 nM–10 μM 

endomorphin-1, endomorphin-2 or DAMGO for 0–120 min at 37°C. To determine 

specificity of agonist interaction with the MOR, cells were preincubated with 1 μM 
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naloxone for 10 min before addition of agonists. They were fixed in 4% paraformaldehyde 

in PBS for 20 min at 4°C.

Organotypic cultures of the ileum

Male albino, Harlan Porcellus guinea-pigs (Hartley; 200–300 g) were deeply anesthetized 

with sodium pentobarbital (50 mg/kg) and killed by exsanguination. Animal protocols were 

in line with the NIH recommendations for the humane use of animals. Because in vitro 

preparations were used throughout the study, discomfort was reduced to a minimum. The 

distal ileum was removed, opened along the longitudinal axis and washed with Kreb’s 

solution (mM: 5.9 KCl, 118 NaCl, 2.5 CaCl2·2H2O, 1.2 MgSO4·7H2O, 1.4 NaH2PO4, 22.7 

NaHCO3; 1 g/l D-glucose; pH 7.4), containing 100 μg/ml streptomycin, 100 IU/ml penicillin 

and 2.5 μg/ml fungi-zone, for three 10-min periods at 4°C.3 The full thickness of the ileum 

was incubated in Dulbecco’s Modified Medium Nutrient Mixture F-12 HAM containing 

10% fetal bovine serum (FBS), streptomycin, penicillin and fungizone, in 95% O2/5% CO2 

for 30 min at 37°C. The intestine was pinned flat in Kreb’s solution containing 100 μM 

nicardipine to relax the muscle. Ileum specimens (full thickness) were incubated in 

Dulbecco’s Modified Medium Nutrient Mixture F-12 HAM containing 10% FBS, 10 μM 

amastatin, 1 μM phosphoramidon and 1 μM captopril with 100 nM–10 μM endomorphin-1, 

endomorphin-2 or DAMGO for 0–15 min at 37°C. In control experiments, 10 μM naloxone 

was added to the agonists. Organotypic cultures were fixed in 4% paraformaldehyde in 0.1 

M phosphate buffer (PB; pH 7.4) overnight, and stored in PB containing 0.01% sodium 

azide. Whole mounts of longitudinal muscle with attached myenteric plexus were 

prepared.33,35

Immunohistochemistry

Fixed KRNK-MOR cells were incubated in PBS containing 1% normal goat serum and 

0.1% saponin for three 10-min periods, and then incubated in the same solution with 

primary antibodies to the FLAG epitope (M1; 5 μg/ml), MOR384–398 (1:4000) or transferrin 

receptor (1:4000) over-night at 4°C.13,14 Cells were washed and incubated with secondary 

antibodies (1:200) for 2 h at room temperature. Whole mount preparations from organotypic 

cultures of the ileum were incubated in PB containing 0.5% Triton X-100 for three 30-min 

periods, incubated in 5% normal goat serum in 0.5% Triton X-100/PB for 60 min, and then 

incubated in the same solution with primary antibody for 48 h at 4°C. Whole mounts were 

washed and incubated with secondary antibodies (1:100) for 1 h at room temperature. Cells 

and whole mounts were examined by confocal microscopy using Bio-Rad (MRC 1000) and 

Zeiss (410) Laser Scanning Microscopes.12,32,33

Flow cytometry

KNRK-MOR cells were dissociated with enzyme-free cell dissociation buffer (Life 

Technologies/BRL, Gaithersburg, MD), and adjusted to a density of 1.5 × 106 cells/ml in 

Iscove’s medium containing 1% BSA. Cells were resuspended in the same medium 

containing 10 μM amastatin, 1 μM phosphoramidon and 1 μM captopril at 37°C. Cells were 

incubated with 100 nM–10 μM endomorphin-1, endomorphin-2 or DAMGO for 0–120 min 

at 37°C. In control experiments, cells were preincubated with 1 μM naloxone for 10 min 
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before addition of agonists. They were washed, incubated in 200 μl medium containing 

0.5% BSA, 5% FBS and 30 μg/ml FLAG M2 antibody for 60 min at 4°C, washed again, 

then incubated with fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin 

G (1:200) for 60 min at 4°C. Cells were washed and resuspended in cell dissociation buffer 

containing 0.3% FBS and 2 μg/ml propidium iodide. Cells were analysed by flow cytometry, 

as described.4,14 A minimum of 10 000 events was analysed per sample. Viability of cells, 

as determined by exclusion of propidium iodide, exceeded 75%. Non-specific fluorescence 

was determined in non-transfected cells and in transfected cells without primary or 

secondary antibodies. Changes in specific surface fluorescence were determined from the 

geometric mean of all gated events.

Longitudinal muscle–myenteric plexus preparation26

Guinea-pigs were killed by CO2 inhalation. The distal ileum was removed and placed in 

Tyrode’s solution (mM: 136.9 NaCl, 2.7 KCl, 1.8 CaCl2, 1.04 MgCl2, 0.4 NaH2PO4, 11.9 

NaHCO3, 5.5 glucose; 95% O2/5% CO2) at 37°C. Segments were threaded onto a glass rod, 

and longitudinal muscle with the intact myenteric plexus was teased from the underlying 

circular muscle using cotton balls soaked in Tyrode’s solution. Strips 4 cm long were folded 

in half and mounted in organ baths containing 4.5 ml of Tyrode’s solution (95% O2/5% 

CO2) at 37°C, under tension of 5 mN. Isometric contractions were recorded with a force–

displacement transducer (Harvard Instruments, South Natick, MA). After 45 min 

equilibration, strips were maximally stimulated (60 V, 0.1 Hz, 0.5 ms) using two platinum 

electrodes with an S44 stimulator (Grass Instrument Co., Quincy, MA). Concentration–

response curves for the inhibitory effects of endomorphin-1, endomorphin-2 and DAMGO 

(each at 30 pM–1 μM) on electrically induced contractions were constructed in non-

cumulative fashion, in the absence or presence of 30 nM naloxone (incubation time 20 min). 

After each agonist administration, strips were washed for three 5-min periods, and 

contractions were allowed to return to baseline before any subsequent pharmacological 

treatment. Apparent affinity estimates (pA2) from single antagonist concentrations were 

calculated using the Gaddum10 equation.

RESULTS

μ-Opioid receptor localization in cell lines

We examined agonist-induced endocytosis of the MOR with an extracellular FLAG epitope 

expressed in KNRK cells. These types of cells have been proven useful for the delineation 

of intracellular pathways of agonist-induced trafficking of other peptide receptors.13,14 The 

FLAG epitope permitted localization of the MOR by immunofluorescence and 

quantification of surface receptors by flow cytometry. The N-terminal FLAG does not 

influence signaling or endocytosis of other peptide receptors.

The MOR was localized in KNRK-MOR cells using an antibody to the N-terminal FLAG 

epitope or the C-terminus of the native receptor, with identical results. In untreated cells, the 

MOR was principally localized at the plasma membrane, and also detected in a few 

superficial and perinuclear vesicles (Fig. 1A). After incubation with 1 μM endomorphin-1 

for 5–10 min at 37°C, the MOR was detected initially in numerous superficial endosomes 
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and then in perinuclear endosomes, with little change in the intensity of surface labeling 

(Fig. 1B). After 30–120 min, the MOR was localized to a prominent perinuclear pool of 

endosomes and there was diminished labeling of the plasma membrane (Fig. 1C). 

Preincubation with the opioid receptor antagonist, naloxone, markedly inhibited 

endomorphin-1-induced endocytosis (Fig. 1D). Incubation with 1 μM endomorphin-2 or 

DAMGO caused similar changes in the subcellular localization of the MOR (Fig. 1E, F). 

Endomorphin-2- and DAMGO-induced MOR endocytosis was also inhibited by naloxone 

(not shown). Incubation of cells with 10 or 100 nM endomorphin-1, endomorphin-2 or 

DAMGO also caused detectable endocytosis, but lower concentrations did not affect the 

subcellular distribution of the MOR. Endosomes containing the MOR at 5–10 min after 

exposure to 1 μM endomorphin-1, endomorphin-2 or DAMGO also contained the transferrin 

receptor, as determined by superimposition of confocal images (not shown), which indicates 

that these vesicles are early endosomes. Together, these results show that endomorphins 

specifically bind to and activate the MOR in transfected cells and induce endocytosis in a 

manner similar to DAMGO.

Flow cytometry

We used an antibody to the extracellular FLAG epitope to quantify surface MOR in non-

permeabilized cells by flow cytometry. When KNRK-MOR cells were incubated with 10 

μM endomorphin-1 or endomorphin-2 for 30 min at 37°C, surface FLAG immunoreactivity 

was reduced to 71 ± 4.8% and 72 ± 6.8% of that observed in untreated cells, respectively 

(Fig. 2A). When cells were treated with 10 μM DAMGO for 30 min, surface FLAG was 59 

± 4.4% of that in controls. Surface FLAG remained constant after incubation with 

endomorphin-1 or endomorphin-2 for up to 120 min, but increased slightly after exposure to 

DAMGO for 60 and 120 min. When cells were incubated with 10, 5 or 1 μM 

endomorphin-1, endomorphin-2 or DAMGO for 30 min, surface FLAG immunoreactivity 

declined in a concentration-dependent manner (Fig. 2B). However, there was no detectable 

loss of surface FLAG after incubation with 0.1 μM agonist for 30 min. Preincubation of cells 

with naloxone abolished the loss of FLAG immunoreactivity induced by 5 μM 

endomorphin-1, endomorphin-2 or DAMGO (Fig. 2B). Therefore, incubation of transfected 

cells with endomorphins induces a loss of surface MOR due to receptor endocytosis. The 

extent, time-course and concentration dependency of endocytosis in response to 

endomorphin-1 and endomorphin-2 are similar to those observed with DAMGO. However, 

most of the receptor remained at the cell surface even in the presence of high concentrations 

of any of these peptide agonists.

μ-Opioid receptor localization in myenteric neurons

We used enteric neurons of the guinea-pig ileum as a model system to determine the effect 

of endomorphins on highly differentiated cells, since these neurons naturally express the 

MOR.33 MOR immunoreactivity was localized to neuronal cell bodies and fibers within the 

myenteric plexus of the guinea-pig ileum, to interconnecting fibers between myenteric 

ganglia and to fibers within the circular and longitudinal muscle layers.33 MOR-

immunoreactive myenteric neurons had the morphological characteristics of Dogiel type I 

neurons, with an ovoid cell body, several broad dendrites and a long axon, which comprise 

motor neurons and perhaps interneurons.9 In unstimulated ileum, the MOR was detected at 
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the plasma membrane and in a few vesicles of the soma, dendrites and axons (Fig. 3A). 

After incubation of ileal segments with 1 μM endomorphin-1 for 15 min, the MOR was no 

longer detectable at the plasma membrane, but was concentrated in prominent endosomes in 

the soma and neurites (Fig. 3B). Preincubation with naloxone abolished endomorphin-1-

induced endocytosis of the MOR (Fig. 3C). Incubation of ileal segments with 1 μM 

endomorphin-2 or DAMGO caused similar changes in the subcellular localization of the 

MOR (Fig. 3D, E). Endomorphin-2- and DAMGO-induced MOR endocytosis was 

prevented by naloxone (not shown). Incubation of ileal tissue with 100 nM endomorphin-1, 

endomorphin-2 or DAMGO also caused detectable endocytosis. These results indicate that 

endomorphins specifically bind to and activate the MOR in a subpopulation of enteric 

neurons in the guinea-pig myenteric plexus to induce receptor endocytosis.

Opioid-induced inhibition of stimulated twitch contractions in longitudinal muscle–
myenteric plexus preparations

The electrically evoked contractions in longitudinal muscle–myenteric plexus preparations 

were abolished by both tetrodotoxin (1 μM; n = 4) and atropine (1 μM; n = 4), indicating 

that they were mediated by activation of cholinergic nerves. Endomorphin-1, 

endomorphin-2 and DAMGO (each at 30 pM–1 μM) caused a concentration-dependent 

inhibition of the twitch height, with IC50 values of 4.2 ± 1.1 nM (n = 5), 5.3 ± 0.9 nM (n = 

4) and 4.9 ± 1.3 nM (n = 5), respectively. Naloxone (30 nM) produced a parallel rightward 

shift of the concentration–response curves to both endomorphin-1 and endomorphin-2 (Fig. 

4) and DAMGO (data not shown), without depression of their maximum effects. Apparent 

affinity estimates (pA2) of naloxone versus these compounds were 8.5 ± 0.1, 8.3 ± 0.1 and 

8.5 ± 0.1, respectively.

DISCUSSION

This study provides direct demonstration that endomorphins specifically activate the MOR 

and induce MOR endocytosis in transfected cells and enteric neurons that naturally express 

this receptor. Endomorphin-1 and endomorphin-2 bind the MOR at the cell surface and 

cause rapid endocytosis with identical potency, similarly to DAMGO, an MOR-specific 

peptide agonist. Endomorphin-induced activation of the neuronal MOR inhibits electrically 

evoked muscle contractions due to the stimulation of cholinergic neurons in the myenteric 

plexus. Endomorphin-induced endocytosis and trafficking of the MOR may mediate 

receptor desensitization, resensitization and down-regulation, mechanisms that regulate 

cellular responsiveness to ligand stimulation and that might be important in the development 

of opiate tolerance and addiction.2 Receptor phosphorylation by G-protein receptor kinases 

and second messenger kinases and interaction with β-arrestins may uncouple the MOR from 

G-proteins and mediate desensitization.1 Resensitization may require MOR endocytosis, 

dissociation of agonist and receptor dephosphorylation in endosomes, and subsequent 

recycling. In this study, we did not address the issue of whether the MOR recycles following 

endomorphin-induced internalization. However, this is likely, since the MOR recycles in 

myenteric neurons several hours following etorphine-or fentanyl-induced endocytosis 

(Sternini C., Minnis J. and Brecha N. C., unpublished observations).
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The MOR is the target of opiate alkaloids, potent analgesics with high potential for abuse, 

which exert powerful biological effects, including a profound impairment of gastrointestinal 

transit, often resulting in severe constipation, which, at least in the guinea-pig, is principally 

due to MOR-mediated inhibition of excitatory (mainly cholinergic) and inhibitory (non-

adrenergic, non-cholinergic) pathways subserving peristalsis.18,36,37 The MOR is also 

activated by several endogenous opioid peptides, including enkephalins, dynorphins and 

endorphins, which interact with this receptor with low to moderate specificity.38 Among 

these opioids, enkephalins are likely candidates as the endogenous ligands for the MOR in 

the enteric nervous system, since enkephalins are expressed by myenteric neurons and 

fibers, which are in close vicinity to neurons expressing the MOR.8,33,34 In addition, 

endomorphins,38 peptides that have recently been shown to be in the CNS and to have high 

affinity for the MOR, are also candidate endogenous ligands for the MOR. Endomorphins 

have the highest affinity and selectivity for the MOR than any opioid peptides described to 

date. Indeed, they bind the MOR with ~10-fold higher affinity than enkephalins, dynorphins 

and endorphins, and they have a selectivity for the MOR that is several thousand-fold above 

that for δ and κ receptors. Furthermore, these peptides have potent biological effects that 

mimic those of other MOR agonists. Indeed, endomorphin-1 induces analgesia in mice with 

a greater potency than morphine38 and, like morphine and DAMGO, endomorphin-1 and 

endomorphin-2 inhibit electrically induced contraction of the guinea-pig ileum.

The results of the present study, by showing that endomorphins directly activate and induce 

endocytosis of the MOR in transfected cells and neurons, provide further evidence for these 

peptides as potent and selective agonists of the MOR. Firstly, endomorphins induced a 

marked alteration in the subcellular distribution of the MOR in KNRK-MOR cells and in 

myenteric neurons that naturally express this receptor,33 in a fashion comparable to the 

MOR-selective enkephalin analog, DAMGO. Within minutes of exposure to these agonists, 

the MOR translocated from the cell surface to superficial and then perinuclear endosomes, 

which were identified as early endosomes by their expression of the transferrin receptor. 

This confirms previous results with MOR agonist-induced internalization in other cell lines 

and in enteric neurons in the intact animal.1,11,17,33 In a similar fashion, substance P 

stimulates endocytosis of its receptor, neurokinin-1, in transfected and highly differentiated 

cells, and the appearance of endosomes containing this receptor has been used to identify 

sites of substance P release and action.12,13,21,22 Thus, our observation that endomorphins 

induce MOR endocytosis in transfected cells and neurons provides direct evidence that they 

activate the MOR. Secondly, endomorphin-1, endomorphin-2 and DAMGO caused a loss of 

surface FLAG immunoreactivity from KNRK-MOR cells with comparable potency and 

time-course, as determined by flow cytometry. Finally, the inhibition of endomorphin-

induced endocytosis in KNRK-MOR cells and myenteric neurons by the opioid antagonist, 

naloxone, indicates that endocytosis was due to receptor activation.

The observation that naturally occurring, high-affinity and selective MOR agonists stimulate 

endocytosis is significant in view of remarkable differences in the ability of MOR agonists 

to cause internalization of this receptor. Other peptide and non-peptide agonists of the MOR, 

including DAMGO, [Lys7]dermorphin and the alkaloid etorphine, also induce receptor 

internalization in transfected cells and myenteric neurons.1,11,17,33 In marked contrast, 

morphine does not cause internalization in transfected cells or neurons,1,17,33 even though it 
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has high affinity for the MOR and it activates this receptor through the same signaling 

pathway as opioids and opiates that are capable of triggering MOR endocytosis.25,28 The 

explanation for this discrepancy is unknown, but presumably different agonists induce 

conformational states that affect receptor interaction with G-proteins and the endocytic 

apparatus. We should point out that endomorphin-1, endomorphin-2 and DAMGO 

stimulated MOR endocytosis at much higher concentrations than those required to induce 

functional effects. Indeed, concentrations of >10 nM were required to detect endocytosis in 

transfected cells by confocal microscopy, whereas DAMGO, endomorphin-1 and 

endomorphin-2 bind to the MOR with affinities in the subnanomolar range. This could be 

due to peptide degradation, even though protease inhibitors were included to minimize this 

possibility, or to the presence of a high proportion of spare receptors.5,27 Alternatively, the 

possibility that agonists bind to and induce signaling of the MOR with higher affinity than 

they stimulate endocytosis cannot be discounted, even though such a mechanism is 

unknown.

Exposure to endomorphins did not remove all detectable MOR from the surface of 

transfected cells. Analysis by flow cytometry indicated that <50% of surface MOR 

internalized in transfected cells, even after incubation with 10 μM endomorphin-1, 

endomorphin-2 and DAMGO for 120 min. Analysis of transfected cells by 

immunofluorescence also indicated retention of surface MOR, whereas there was no 

detectable surface receptor in neurons after agonist stimulation. In support of our results, 

only 25% of specifically bound ligands internalize in transfected cells expressing the 

MOR,11 and < 50% of neurokinin-1 and gastrin-releasing peptide receptors13,14 internalize 

after incubation with supramaximal concentrations of agonists. We do not know why surface 

receptors are still present on transfected cells following high concentrations of agonists, 

since these concentrations of agonists are likely to saturate binding sites. One possibility is 

that not all agonist-occupied receptors internalize. Alternatively, some surface receptors may 

be in a low-affinity state in cells that overexpress receptors and may be unable to interact 

with agonists.

Endomorphin activation of the MOR in myenteric neurons is also supported by the 

concentration-dependent inhibition of electrically stimulated contractions of the ileum, with 

IC50 values in the nanomolar range, comparable to those observed with DAMGO. This 

confirms the potent bioactivity of these peptides.38 Furthermore, the apparent affinity 

estimate of the opioid antagonist naloxone (pA2 ~ 8.4) against the inhibitory action of both 

peptides (and DAMGO) is consistent with endomorphin agonism at the MOR in myenteric 

neurons. Finally, the lack of effect of δ- and κ-selective antagonists (namely, naltrindole and 

nor-binaltorphimine) on the concentration-dependent inhibition of the twitch height in 

response to endomorphin-1 is an additional indication of the selectivity of this peptide for 

MOR (Sternini C., Brecha N. C. and Tonini M., unpublished observations).

CONCLUSIONS

Together, the results of the present investigation provide morphological and functional 

evidence that endomorphin-1 and endomorphin-2 are ligands for the MOR. Endomorphins 
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specifically activate the MOR in transfected and in highly differentiated cells, and induce 

MOR endocytosis, which might indicate sites of endomorphin release and action.
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BSA bovine serum albumin

DAMGO [D-Ala2,MePhe4,Gly-ol5]enkephalin

FBS fetal bovine serum

KNRK Kristen murine sarcoma virus transformed rat kidney epithelial cell line

MOR μ-opioid receptor

PB phosphate buffer

PBS phosphate-buffered saline
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Fig. 1. 
Localization of the MOR in KNRK-MOR cells. Cells were unstimulated (A), incubated with 

1 μM endomorphin-1 for 10 min (B) or 30 min (C), or 30 min with 1 μM naloxone (D), or 

incubated with 1 μM endomorphin-2 for 30 min (E) or 1 μM DAMGO for 30 min (F). The 

MOR was detected using FLAG M1 (A, C, E) or MOR384–398 (B, D, F) antibodies. Images 

are single optical sections. In unstimulated cells, the MOR was present at the plasma 

membrane (arrowheads) and in a few endosomes (arrow). After incubation with agonists, 

the MOR was present in many superficial and perinuclear endosomes (arrows), and there 

was diminished surface immunoreactivity. Cells illustrated in A are all stained, but with 

different intensity. This reflects variability in staining seen in transfected cells. Naloxone 

caused retention of the MOR at the plasma membrane (arrowheads).

Scale bar = 5 μm.

McCONALOGUE et al. Page 13

Neuroscience. Author manuscript; available in PMC 2015 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Quantification of surface MOR in KNRK-MOR cells by flow cytometry. (A) Cells were 

incubated with 10 μM endomorphin-1, endomorphin-2 or DAMGO for 0–120 min. (B) Cells 

were incubated with 0.1–10 μM endomorphin-1, endomorphin-2 or DAMGO for 30 min 

(filled bars) or with 5 μM agonists and 1 μM naloxone (open bars). Surface MOR was 

quantified by flow cytometry using an M2 antibody to the extracellular FLAG epitope. 

Results are expressed as percentage of surface fluorescence detected in untreated cells and 

are the mean ± S.E. of duplicate observations from three to five experiments.
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Fig. 3. 
Localization of the MOR in myenteric neurons. Ileal segments were untreated (A), 

incubated with 1 μM endomorphin-1 for 15 min (B), or 15 min with 10 μM naloxone (C), or 

incubated with 1 μM endomorphin-2 for 15 min (D) or 1 μM DAMGO for 15 min (E). The 

MOR was detected using an antibody to MOR384–398. Images are single optical sections. In 

unstimulated tissues, the MOR was present at the plasma membrane (arrowheads) and in a 

few superficial endosomes of the soma, dendrites and axons. After incubation with agonists, 

the MOR was present in many superficial and perinuclear endosomes, and there was no 

detectable surface immunoreactivity. Naloxone caused retention of the MOR at the plasma 

membrane (arrowheads). Scale bar = 10 μm.
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Fig. 4. 
Concentration–response curves for the inhibitory effect of endomorphin-1 (A) and 

endomorphin-2 (B) on stimulated contractions in the longitudinal muscle–myenteric plexus 

preparation under control conditions (open symbols) or in the presence of 30 nM naloxone 

(filled symbols). Values are expressed as the mean ± S.E. of four to five determinations.
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