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Membrane glycoprotein M6A promotes μ-opioid receptor 
endocytosis and facilitates receptor sorting into the 
recycling pathway
Ying-Jian Liang1, Dai-Fei Wu1, Ralf Stumm1, Volker Höllt1, Thomas Koch1

1Department of Pharmacology and Toxicology, Otto-von-Guericke University, Leipziger Str. 44, 39120 Magdeburg, Germany

The interaction of μ-opioid receptor (MOPr) with the neuronal membrane glycoprotein M6a is known to facili-
tate MOPr endocytosis in human embryonic kidney 293 (HEK293) cells. To further study the role of M6a in the 
post-endocytotic sorting of MOPr, we investigated the agonist-induced co-internalization of MOPr and M6a and 
protein targeting after internalization in HEK293 cells that co-expressed HA-tagged MOPr and Myc-tagged M6a. 
We found that M6a, MOPr, and Rab 11, a marker for recycling endosomes, co-localized in endocytotic vesicles, 
indicating that MOPr and M6a are primarily targeted to recycling endosomes after endocytosis. Furthermore, 
co-expression of M6a augmented the post-endocytotic sorting of δ-opioid receptors into the recycling pathway, 
indicating that M6a might have a more general role in opioid receptor post-endocytotic sorting. The enhanced 
post-endocytotic sorting of MOPr into the recycling pathway was accompanied by a decrease in agonist-induced 
receptor down-regulation of M6a in co-expressing cells. We tested the physiological relevance of these findings in 
primary cultures of cortical neurons and found that co-expression of M6a markedly increased the translocation of 
MOPrs from the plasma membrane to intracellular vesicles at steady state and significantly enhanced both consti-
tutive and agonist-induced receptor endocytosis. In conclusion, our results strongly indicate that M6a modulates 
MOPr endocytosis and post-endocytotic sorting and has an important role in receptor regulation.
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Introduction

Opiates like morphine remain the best analgesic for 
treating chronic and serious pain. After prolonged or re-
peated drug administration, however, adaptive changes in 
the nervous system occur that are believed to contribute 
to physiological tolerance of and dependence on opiates 
and thereby limit the clinical utility of these drugs. These 
adaptive changes are initiated by the binding of opiate 
drugs to opioid receptors, which are also activated by 
endogenous opioid neuropeptides [1]. There are three 
well-defined ‘classical’ types of the opioid receptors, μ-, 
δ- and κ-opioid receptors, which belong to the superfamily 
of G protein-coupled receptors (GPCRs) [2]. The μ-opioid 
receptor (MOPr) mediates the action of most clinically 

important opiate drugs, like morphine, as well as drugs of 
abuse, such as heroin [3-5]. Understanding the molecular 
mechanisms underlying the regulation of opioid receptors 
is a key step in the development of drugs and/or therapies 
that provide effective analgesia without causing detrimental 
adaptive responses.

As with other GPCRs, receptor phosphorylation occurs 
upon agonist binding. β-Arrestins then bind to phosphory-
lated receptors, causing the receptor to uncouple from 
G-proteins and leading to the targeting of receptors to 
clathrin-coated pits. Once the plasma membrane invagi-
nates, vesiculation occurs as the GTPase dynamin wraps 
around the neck of the invagination and constricts upon 
GTP hydrolysis. These vesicles soon shed their clathrin 
coats and become early endosomes. Dissociation of ligands 
and β-arrestins from the receptors occurs in an acidified 
perinuclear compartment. Cytosolic phosphatases may 
dephosphorylate the receptors. The ligands are degraded 
while the receptors are either recycled to the plasma 
membrane for reactivation or downregulated by means 
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of degradation in lysosomes [6-11]. Receptor-associated 
proteins play important roles during receptor endocytosis 
and intracellular trafficking. A number of proteins that bind 
to the MOPr have been recently identified and functionally 
characterized [12-16]. We have previously identified and 
characterized a novel MOPr-interacting protein, the mem-
brane glycoprotein M6a, which interacts with the MOPr 
and plays a role in receptor endocytosis in transfected 
human embryonic kidney 293 (HEK293) cells [17]. Here, 
we demonstrate that the co-expression of M6a and MOPr 
in HEK293 cells facilitates the post-endocytotic sorting of 
internalized opioid receptors into the recycling pathway 
and decreases receptor proteolytic down-regulation. Im-
portantly, we also present evidence from work in primary 
cultured neurons to suggest that M6a has a similar function 
in native neurons.

Results

Membrane glycoprotein M6a is a trafficking molecule
We recently reported that M6a facilitates the agonist-

induced and constitutive endocytosis of the MOPr in 
transfected HEK293 cells [17]. To investigate the traffick-
ing of M6a in the absence of MOPr, we stably expressed 
an amino-terminally Myc-tagged M6a in HEK293 cells. 
As depicted in Figure 1, M6a localizes to both the plasma 
membrane and cytosolic vesicles in stably transfected 
HEK293 cells. Interestingly, after exposure to monensin, an 
inhibitor of vesicle recycling, M6a accumulates in cytosolic 
vesicle-like compartments. In contrast, after exposure to 
hypertonic sucrose (which blocks protein internalization 
via clathrin-coated pits), M6a is significantly fixed at the 

plasma membrane. These data confirm that M6a undergoes 
constitutive endocytosis and recycling.

M6a facilitates the recycling pathway of opioid receptors
To determine whether M6a modulates the post-endocy-

totic sorting of opioid receptors, we stably expressed an 
N-terminally HA-tagged MOPr or DOPr together with a 
Myc-tagged M6a in HEK293 cells. Numerous publications 
have shown that the MOPr and δ-opioid receptor differ in 
their post-endocytotic sorting [16, 18-20]. In fact, internal-
ized DOPr is known to be mainly sorted to the lysosome 
and degraded, whereas internalized MOPr is mainly sorted 
to the recycling endosomes for reactivation. Since M6a 
exhibits a strong interaction with MOPr [17], we carried out 
a ‘pulse-chase’ experiment to examine whether internalized 
M6a, together with MOPr, could be sorted to the recycling 
endosome. As expected, in HEK293 cells coexpressing 
MOPr and M6a, we found a remarkable co-localization 
of M6a and MOPr with transferrin, a marker for recycling 
endosomes [21, 22], in endocytotic vesicles (Figure 2A, 
arrow). In DOPr-expressing cells, no co-localization of 
DOPr with transferrin could be detected in endocytotic 
vesicles (Figure 2B, arrow head). Since M6a has also been 
shown to interact with DOPr [17], we investigated whether 
the interaction of M6a with DOPr could recruit internal-
ized DOPr into recycling vesicles. As shown in Figure 2B 
(arrow), upon co-expression with M6a, internalized DOPr 
could be found to colocalize with transferrin in endocytotic 
vesicles. These data suggest that M6a might direct inter-
nalized opioid receptors into recycling endosomes during 
post-endocytotic sorting.

Since transferrin labels recycling endosomes as well 

Control                                   Monensin                               Sucrose

Figure 1 Intracellular trafficking of the membrane glycoprotein M6a. HEK293 cells stably expressing N-terminally Myc-tagged 
M6a were either left unexposed (control) or exposed to 50 μM monensin or 400 mM sucrose at 37 °C for 2 h. The cells were 
subsequently fixed, and the distribution of M6a was examined by confocal microscopy as described in ‘Materials and Methods’. 
Representative images from two independent experiments are shown. Scale bar, 16 μm.
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as early endosomes, we next investigated whether M6a 
could influence the distribution of internalized receptors in 
specific endosomes. We found that acute agonist treatment 
(15 min) induced the co-internalization of MOPr-M6a or 
DOPr-M6a and their localization to EEA1-labeled early 
endosomes (Figure 3A, upper and lower panels, respec-
tively). Internalized receptors, with or without co-expres-
sion of M6a, primarily localized to EEA1-labeled early 
endosomes (Figure 3A). Longer agonist treatments reduced 
the localization to early endosomes (data not shown). When 
the cells were stimulated for 30 min with MOPr agonist 
DAMGO or DOPr agonist DPDPE and then incubated for 
15 min in agonist-free medium, there was a significant dif-
ference in the distribution of internalized receptors in Rab 
11-labeled recycling endosomes. For internalized MOPr, 
agonist withdrawal led to receptor localization in Rab 
11-labeled recycling endosomes; co-expression of M6a 
with MOPr increased this localization (Figure 3B, upper 
panel). In contrast, for internalized DOPr, after agonist 
withdrawal the receptor localization to Rab 11-labeled 
recycling endosomes was weak, although co-expression 
of M6a with DOPr also enhanced endosomal localization 
of DOPr (Figure 3B, lower panel). As depicted in Figure 
3B, co-internalized DOPr-M6a was localized to Rab 11-

labeled recycling endosomes (arrow, lower panel), whereas 
adjacent vesicles containing only internalized DOPr were 
not labeled by the anti-Rab 11 antibody (arrow head, lower 
panel), indicating that M6a directs internalized DOPr into 
recycling endosomes during post-endocytotic sorting. 
Furthermore, we quantified the percent localization of 
internalized receptors in EEA1-labeled early endosome or 
Rab 11-labeled recycling endosome. As depicted in Figure 
3C, M6a did not significantly influence the localization of 
internalized receptors in the early endosome after acute 
agonist treatment; however, co-internalization of M6a sig-
nificantly increased the localization of internalized receptors 
at the recycling endosome, especially for internalized DOPr. 
This result demonstrates that co-internalization of M6a with 
opioid receptors can influence the receptor recycling pathway 
in post-endocytotic sorting.

M6a attenuates agonist-induced down-regulation of the 
MOPr

Down-regulation of opioid receptors in response to 
chronic opioid treatment is a long-term adaptive process 
that results from the proteolytic degradation of internal-
ized receptors. Our data suggest that co-expression of 
M6a can facilitate the postendocytotic sorting of opioid 
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Figure 2 Pulse-chase analysis of internalized MOPr and M6a relative to endocytosed transferrin. Surface opioid receptors (MOPr, 
DOPr) and M6a (A, B) were labeled by exposing intact cells to appropriate specific antibodies. To analyze the post-endocytotic 
sorting of internalized receptors and M6a, confocal microscopy of triple-labeled cells was used to examine the co-localization 
of a 30-min agonist pulse of antibody-labeled receptors and M6a, followed by a 20-min chase with transferrin in the absence of 
agonist, as described under ‘Materials and Methods’. Note that the majority of vesicles containing both internalized MOPr/DOPr 
and M6a also contain transferrin (arrow); however, many vesicles containing internalized DOPr alone do not contain transferrin 
(arrow head), while vesicles containing MOPr alone do contain transferrin (data not shown). overlay of MOPr (blue), M6a (red) 
and transferrin (green) is denoted by the white vesicular structures visualized in the merged image. Overlay of receptor with 
M6a generated magenta; Overlay of receptor with transferrin generated cyan; and overlay of M6a with transferrin generated 
yellow. Representative images from one of three independent experiments are shown. Scale bar, 16 μm.
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Figure 3 M6a increases accumulation of opioid receptors in recycling endosomes. Surface opioid receptors (MOPr and DOPr) 
and M6a were labeled by exposing intact cells to appropriate specific antibodies. (A) To characterize the endocytic vesicles of 
internalized receptors and M6a, the cells were stimulated with 10 μM DAMGO (upper panel) or 1 μM DPDPE (lower panel) for 
15 min. (B) To characterize the recycling of internalized receptors and M6a, the cells were firstly stimulated with 10 μM DAMGO 
(upper panel) or 1 μM DPDPE (lower panel) for 30 min. Subsequently, the agonists were washed, and the cells were incubated 
in agonist-free medium for an additional 15 min. After treatment (A, B), the cells were fixed and permeabilized. The distribu-
tion of receptors, M6a, EEA1 and/or Rab 11 is described in ‘Materials and Methods’. Overlay of MOPr (green), M6a (red) and 
EEA1/Rab 11, (blue) is shown as white vesicular structures in the merged image. Representative images from one of three 
independent experiments are shown. Scale bar, 16 μm. (C) Quantitative analysis of the co-localization of receptors with early 
endosome marker EEA1 and recycling endosome marker Rab 11. As described in (A, B), the vesicles with co-localization of 
receptors, M6a and/or EEA1/Rab 11 were counted. Data are presented as means ± SEM from about 100 cells in two indepen-
dent experiments. *P<0.05, **P<0.001 versus in the absence of M6a, respectively (Student’s t-test).
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receptors into the recycling pathway. It is reasonable to 
suggest, therefore, that M6a-enhanced MOPr recycling 
might decrease receptor endosomal sorting to lysosomes for 
degradation and thus decrease receptor down-regulation. 
In fact, we found that agonist-induced down-regulation of 
MOPr was significantly reduced in cells that were co-ex-
pressing M6a (Figure 4). After an extended exposure (16 
h) to DAMGO, we detected that only about 25% of MOPr 
were downregulated in cells that were co-expressing MOPr 
and M6a, compared to about 42% down-regulation in cells 
expressing MOPr alone (Figure 4).

M6a increases the intracellular localization of MOPr in 
cortical neurons

We next tested whether M6a affects MOPr regulation in 
primary cultured neurons of the rat cortex. Since endog-
enous expression of MOPr and M6a proteins in cultured 
cortical neurons from the embryonic day 17 embryos 
was below the detection level for immunocytochemistry 
and/or a functional assay (data not shown), we transiently 
transfected the neurons with vectors that drive expression 
of MOPr and M6a. The expression of MOPr and/or M6a 
proteins could be detected between 1 day and 2 weeks after 
transfection. Using trypan blue staining to distinguish be-
tween dead and live cells, we found that exogenous expres-
sion of MOPr and/or M6a did not influence the health of 
the neurons during the 2 weeks of culture (data not shown). 

At 5-6 days after transfection, the neurons were viable and 
well-developed and thus were used in the following experi-
ments. Werner et al. [23] reported that endogenous M6A 
localizes to the cell surface and is much less abundant in 
intracellular compartments. Endogenous MOPr is mainly 
localized to the plasma membrane of neurons [24]. In our 
cultured cortical neurons expressing either M6a or MOPr, 
M6a was predominantly localized to intracellular vesicles 
(Figure 5A), whereas MOPr was predominantly localized 
to the plasma membrane (Figure 5B). Similar to our previ-
ous findings in HEK293 cells [17], the co-expression of 
MOPr with M6a significantly increased the intracellular 
localization of MOPrs (Figure 5C) compared with cultured 
cortical neurons expressing MOPr alone (Figure 5B). These 
findings suggest that M6a can enhance the constitutive 
endocytosis of MOPr in neurons.

Co-expression of M6a augments agonist-induced and con-
stitutive MOPr endocytosis in cortical neurons

Next, we performed surface-labeling to investigate the 
constitutive and agonist-induced endocytosis of membrane 
MOPr and M6a in cortical neurons. As shown in Figure 6A 
and 6B, M6a and MOPr were specifically surface-labeled at 
the plasma membrane of both the cell body and processes. 
After 30 min at 37 °C without agonist treatment, constitu-
tive receptor endocytosis was hardly visible in neurons 
expressing MOPr alone (Figure 6C), whereas co-expression 
of M6a with MOPr increased constitutive co-internaliza-
tion of MOPr and M6a (Figure 6D, yellow vesicles). In 
addition, agonist-induced MOPr endocytosis after 30 min 
of DAMGO treatment (Figure 6E) was enhanced by the 
co-expression of M6a (Figure 6F). These findings indicate 
that MOPr and M6a are colocalized and co-internalized in 
primary cortical neurons and that M6a enhances the consti-
tutive and agonist-induced MOPr internalization.

We further quantified the effect of M6a on MOPr 
endocytosis. As depicted in Figure 7A, co-expression of 
M6a significantly enhanced both constitutive and agonist-
induced endocytosis of MOPrs. Although M6a and DM20 
share high homology and belong to the same proteolipid 
protein (PLP) family of tetraspan membrane proteins [25], 
co-expression of DM20 did not influence MOPr endocyto-
sis. A shorter truncation mutant (129-255 aa) of M6a was 
previously shown to interact with MOPr and attenuate ago-
nist-induced receptor endocytosis [17]. Consistent with that 
finding in transfected HEK293 cells [17], co-expression 
of this dominant negative M6a truncation mutant (nM6a) 
significantly decreased MOPr endocytosis (Figure 7A). 
Moreover, through imaging using a confocal microscope, 
we found that the μ-agonist DAMGO clearly induced 
co-internalization and co-localization of MOPr and M6a 
(Figure 6D and 6F), whereas it failed to cause co-localiza-

Figure 4 Effect of M6a on agonist-induced down-regulation of μ-
opioid receptors. HEK293 cells stably expressing HA-MOPr with 
and without co-expression of Myc-M6a were incubated at 37 °C 
for 16 h in the presence or absence of 5 μM DAMGO. The total 
amount of MOPr was examined by a membrane binding assay, as 
described in ‘Materials and Methods’. The binding of total receptors 
without DAMGO treatment was set as 100% (Vehicle). Values rep-
resent mean ± SEM of 3-5 independent measurements performed 
in triplicate. *P<0.05: indicates significant difference between 
MOPr and MOPr-M6a expressing cells (Student’s t-test).
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Figure 5 M6a increases the intracellular localization of MOPr in transfected cortical neurons. Newly prepared cortical neurons 
(E17) were transfected with Myc-M6a (A), HA-MOPr (B) or Myc-M6a + HA-MOPr (C) plasmids using a ‘Rat Neuron Nucleofec-
tor Solution’ and then seeded in a poly-l-lysine-coated plate. At 6 days after transfection, the cells were fixed. HA-MOPr and 
Myc-M6a were detected using anti-HA and/or anti-Myc antibodies as described in ‘Materials and Methods’. The cell body and/or 
process are shown with a higher magnification. Note that co-expression of M6a significantly increases the intracellular localiza-
tion of MOPrs. Overlay of MOPr (green) and M6a (red) is shown as a yellow color visualized in the merged image. Shown is a 
representative result from one of three independent experiments. Scale bars are shown as indicated.
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tion of MOPr and DM20 (Figure 7B). In addition, in many 
neurons, the co-expression of nM6a markedly decreased 
agonist-induced MOPr endocytosis (Figure 7C). These 
findings indicate that M6a-enhanced MOPr endocytosis 
in neurons is due to M6a itself.

Discussion

The membrane glycoprotein M6a is a member of the PLP 
family of tetraspan membrane proteins and is expressed 
primarily in neurons [25-27]. It is generally believed that 
glycoproteins of the PLP family function as structural 
proteins for myelination. M6a, however, is also thought 
to function as a modulator for neurite outgrowth [28] and 
spine formation [29], and also acts as a nerve growth fac-
tor-gated Ca2+ channel in neuronal differentiation [30]. The 
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Figure 6 Co-localization and co-internalization of M6a and MOPr in cortical neurons. Newly prepared cortical neurons (E17) 
were transfected as described in Figure 5 and then seeded in a poly-l-lysine-coated plate. At 6 days after transfection, the cells 
were surface-labeled at 4 °C with anti-HA and/or ani-M6a antibody as indicated. Subsequently, the cells were left untreated (A 
and B), treated without (C and D) or with (E and F) 10 μM DAMGO in serum-free medium at 37 °C for 30 min. Afterwards, the 
cells were fixed and permeabilized, and the labeled receptor and/or M6a were detected as described in ‘Materials and Methods’. 
Co-internalization and co-localization are shown as yellow in the merged image. The cell body and/or process are shown in a 
higher magnification. Shown is a representative result from one of three independent experiments.
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Figure 7 Co-expression of M6a augments μ-opioid receptor endocytosis in cortical neurons. Newly prepared cortical neurons 
(E17) were co-transfected with the mixed plasmids of pEAK10-HA-MOPr plus pCMV-Myc, pCMV-Myc-M6a, pCMV-Myc-DM20 
or pCMV-Myc-nM6a as indicated and then seeded in a poly-l-lysine-coated plate. (A) At 6 days after transfection, the cells were 
surface-labeled with anti-HA antibody. Subsequently, the cells were treated with or without 1 μM DAMGO in serum-free medium 
at 37 °C for 30 min and then fixed. Receptor internalization, quantified as the percentage loss of cell surface receptors, was 
measured by ELISA. Data are presented as means ± SEM of three independent experiments performed in triplicate. *P<0.05, 
**P<0.01 versus MOPr alone, respectively (one-way ANOVA followed by Bonferroni test). (B and C) At 6 days after transfection, 
the cells were surface-labeled with an anti-HA antibody. Subsequently, the cells were treated with 10 μM DAMGO in serum-free 
medium at 37 °C for 30 min. Afterwards, the cells were fixed, permeabilized and stained with an anti-Myc antibody. The MOPr, 
DM20 and/or nM6a were detected as described in ‘Materials and Methods’. The cell body is shown with a higher magnification. 
Shown is a representative result from one of three independent experiments.
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present findings, together with our previous work [17], in-
dicate that M6a could function as a scaffolding, anchoring, 
or adaptor protein in the intracellular trafficking of certain 
GPCRs and thus demonstrate a new function for a protein 
in the PLP family.

In transfected HEK293 cells, hypertonic sucrose, an 
inhibitor of receptor internalization [31], significantly 
increased M6a distribution at the plasma membrane, 
whereas monensin, an inhibitor of vesicle recycling [32, 
33], greatly decreased the surface localization and increased 
the intracellular distribution of M6a. These findings suggest 
that M6a is a constitutive trafficking molecule that may af-
fect the constitutive trafficking of its interacting proteins. 
Indeed, both in HEK293 cells and in primary cortical 
neurons, co-expression of M6a augmented the intracellular 
distribution of MOPrs.

After internalization, the regulation of opioid receptor 
sorting between recycling and degradation pathways is of 
particular interest owing to its importance in cell signaling 
in response to opioids. MOPr and DOPr differ significantly 
in their post-endocytotic sorting. Internalized DOPr is 
mainly targeted to lysosomes for degradation, whereas 
MOPr and its splice variants have distinct properties that 
direct them to recycle back to the cell surface upon agonist 
treatment [18-20, 34]. As yet, the mechanism by which 
post-endocytotic sorting of opioid receptors occurs is still 
obscure.

A protein termed GASP (GPCR-associated sorting 
protein), which binds preferentially to the carboxyl tail of 
the DOPr, was identified as a candidate for a post-endo-
cytotic sorting protein [16]. The interaction of DOPr with 
GASP directs the internalized receptors into the lysosomal 
pathway destined for proteolytic degradation. Our data 
suggest that the interaction of MOPr or DOPr with M6a 
facilitates the sorting of internalized receptors into the re-
cycling pathway for reactivation and impairs the sorting of 
receptors into lysosomes for degradation. It is reasonable 
to propose that the differential post-endocytotic sorting of 
MOPr and DOPr could be caused by selective binding of 
M6a and GASP to the receptors. In support of this idea, 
GASP binds much less strongly to MOPr than to DOPr [16], 
and we observed a lower interaction of M6a with DOPr 
compared to MOPr [17]. We speculate that interaction of 
MOPr with M6a induces recycling of MOPr, whereas the 
interaction of DOPr with GASP targets DOPr to lysosomes 
for degradation. This hypothesis is further supported by the 
finding that over-expression of M6a leads to the sorting 
of internalized DOPr into the recycling pathway (Figure 
3B and 3C).

The detailed molecular mechanism of M6a-mediated 
receptor trafficking is still under investigation. It is possible 
that M6a influences the formation of the actin cytoskeletal 

network and thus induces receptor transport into the cyto-
plasm. In support of this hypothesis, M6a was observed to 
be selectively enriched in the actin-rich lamellipodia and 
philopodia at the leading edge of neuronal growth cones 
[35] and transported to these sites in an actin-dependent 
manner [36]. Additionally, it has been suggested that an 
association with the actin cytoskeleton is a common prop-
erty of members of the PLP family [37]. It is also possible 
that M6a might change some property of clathrin-coated 
vesicles and endosomes, for example charge or pH, and 
thereby influence vesicle transport and endosome sorting. 
An acidified endosome is important for the recycling of 
internalized receptors [32, 33]. In support of this hypoth-
esis, tetraspan proteolipids, including members of the PLP 
family, are known to contribute to the formation of pore 
structures in a wide spectrum of cellular systems [38]. 
Moreover, Rhombex-29, a new member of the PLP family, 
was suggested to be responsible for transporting H+ [39].

In conclusion, we have demonstrated that M6a functions 
in opioid receptor trafficking both in HEK293 cells and in 
primary cultured neurons. M6a might also modulate the 
intracellular trafficking of certain other receptors since 
M6a interacts with a number of GPCRs [17]. It has been 
well documented that MOPr endocytosis reduces the de-
velopment of opioid tolerance by promoting fast receptor 
resensitization and recycling [12, 40-47]. It is therefore 
reasonable to suggest that M6a-enhanced endocytosis/re-
cycling of MOPrs attenuates the development of opiate 
tolerance.

Materials and Methods

Epitope tagging and cloning of cDNA
The MOPr (Gi: 6981309) and δ-opioid receptor (Gi: 31543370) 

were tagged at the amino terminus with the influenza hemaggluti-
nin-HA epitope tag (YPYDVPDYA) using polymerase chain reac-
tion (PCR); these fragments were then subcloned into the pEAK10 
expression vector containing the puromycin resistance gene (Edge 
Bio Systems, Gaithersburg, MD, USA) to generate the plasmids 
pEAK10-HA-MOPr and pEAK10-HA-DOPr, respectively. As de-
scribed previously [17], the coding region of M6a (GI: 31981997), 
M6a negative truncation mutant (nM6a, amino acid 129-255 of M6a) 
or DM20 (GI: 200408) was subcloned into pCMV-Myc (Clontech, 
Heidelberg, Germany) by PCR to generate an amino-terminally Myc-
tagged M6a, nM6a or DM20. The Myc-M6a was further subcloned 
into the pcDNA3.1 expression vector containing the hygromycin 
resistance gene (Invitrogen, Karlsruhe, Germany) by PCR.

Cell culture
HEK293 cells were maintained in DMEM (BF12-604F, Cambrex, 

Verviers, Belgium) supplemented with 10% fetal bovine serum (FBS) 
(S0115, Biochrom AG, Berlin, Germany) and relevant antibiotics in 
a humidified incubator with an atmosphere containing 10% CO2 at 
37 °C. For all experiments, cells were grown overnight in DMEM 
supplemented with 10% FBS without any antibiotics and pre-incu-
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bated in UltraMEM (BE12-743F, Cambrex) for about 30 min prior 
to different treatments. Unless otherwise specified, all cells were 
treated in UltraMEM.

Generation of stable cell lines
According to the manufacturer’s protocol, HEK293 cells were 

first transfected with pEAK10-HA-MOPr, pEAK10-HA-DOPr or 
pcDNA3.1-Myc-M6a plasmid using LipofectamineTM 2000 (Invitro-
gen, Karlsruhe, Germany). Stable transfectants were selected in the 
presence of 1.25 μg/ml puromycin (Sigma, Deisenhofen, Germany) 
or 400 μg/ml hygromycin B (PAA Laboratories GmbH, Pasching, 
Germany). To generate a stable cell line co-expressing HA-MOPr 
and Myc-M6a, stable HA-MOPr cells were subjected to a second 
round of transfection with pcDNA3.1-Myc-M6a plasmid as described 
above and selected in the presence of 1.25 μg/ml puromycin and 
400 μg/ml hygromycin B. Stable lines expressing similar densities 
of both receptors were used for further study. Receptor and/or M6a 
expression were monitored using confocal microscopy and western 
blot analysis.

Immunocytochemistry
HEK293 cells were grown overnight on poly-L-lysine-treated 

coverslips. After treatment or without treatment, the cells were fixed 
with Zamboni’s fixative (4% paraformaldehyde and 0.2% picric acid 
in phosphate buffer, pH 6.9) for 20 min at room temperature (RT). 
After a wash with TPBS (10 mM Tris, 10 mM phosphate buffer, 137 
mM NaCl and 0.05% thimerosal, pH 7.4), specimens were incubated 
for 3 min each in 50% and 100% methanol to permeabilize the 
membrane. Subsequently, specimens were washed several times in 
TPBS and then pre-incubated with TPBS containing 3% normal goat 
serum (NGS) at RT for 1 h. Then, cells were incubated with mouse 
anti-Myc antibody (Clontech) at a concentration of 0.2 μg/ml in TPBS 
containing 1% NGS at RT for 1 h. Bound primary antibodies were 
detected with cyanine 3.18-conjugated secondary antibodies (1:400 
or 3.75 μg/ml, Jackson ImmunoResearch, West Grove, PA). Cells 
were then permanently mounted in DPX (Fluka, NeuUlm, Germany). 
Specimens were examined using a Leica TCS-NT laser-scanning 
confocal microscope equipped with a krypton/argon laser.

For further characterization of the endocytic pathway in MOPr 
and M6a in transfected HEK293 cells, the receptor and M6a were 
surface-labeled with anti-HA (Gramsch Laboratories, Schwabhau-
sen, Germany) and anti-M6a antibodies (Medical & Biological 
Laboratories, Göttingen, Germany) at a final concentration of 1.0 
μg/ml in UltraMEM medium at 4 °C for 1 h. After treatment as indi-
cated, the cells were fixed, permeabilized, and blocked as described 
above. Afterwards, the cells were incubated with goat anti-EEA1 
or Rab 11 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) 
at a concentration of 4 μg/ml in TPBS containing 1% NGS at RT 
for 3 h. Antibody-labeled receptor, M6a and endogenous EEA1 (or 
Rab 11) were detected with a mixture of Alexa Fluor 488- (1:1,200, 
Molecular Probes, Invitrogen), Cyanine 3.18- (1:400, Jackson Im-
munoResearch) and Alexa Fluor 647- (1:500, Molecular Probes) 
conjugated second antibodies, respectively. Alexa Fluor 488 was 
imaged with 488 nm excitation and 530 nm emission filters; Cyanine 
3.18 was imaged with 568 nm excitation and 570-630 nm band pass 
emission filters; and Alexa Fluor 647 (or Cyanine 5.18) was imaged 
with 647 nm excitation and 665 nm long pass emission filters. To 
characterize the effect of M6a on receptor distribution in EEA1- or 
Rab 11-labeled vesicles, vesicles with co-localization of the receptor, 

EEA1, Rab 11 and/or M6a were counted. The percentage of receptors 
targeted to EEA1- or Rab 11-positive endosomes in the presence or 
absence of M6a is shown.

Similarly, for immunocytochemistry in primary cortical neurons, 
the cells were fixed, and the distribution of MOPr and M6a was 
determined using rabbit anti-HA (0.2 μg/ml) and/or mouse anti-Myc 
(0.2 μg/ml) antibodies followed by Alexa Fluor 488- and/or Cyanine 
3.18-conjugated secondary antibodies. To observe the endocytosis 
of surface MOPr and/or M6a, cells were first surface-labeled with a 
rabbit anti-HA and/or a rat anti-M6a antibody at a final concentration 
of 2.0 μg/ml in UltraMEM medium at 4 °C for 30 min at 6 days post-
transfection. Subsequently, the cells were incubated in the presence or 
absence of 10 μM DAMGO ([D-Ala2, Me-Phe4, Glyol5]enkephalin) 
for 30 min prior to fixation and permeabilization. The bound primary 
antibodies were detected with Alexa Fluor 488- and/or Cyanine 3.18-
conjugated secondary antibodies as described above.

Transferrin trafficking
A previously described ‘pulse-chase’ assay [34, 48] was used to 

estimate the degree to which a ‘pulse’ of internalized MOPr/DOPr and 
M6a was accessible to a subsequent ‘chase’ of endocytosed transfer-
rin. In short, receptors and M6a were surface-labeled with anti-HA 
and anti-M6a antibodies (1 μg/ml, each) at 4 °C for 1 h. Cells were 
first incubated with agonist at 37 °C for 30 min to drive internalization 
of antibody-labeled receptor and M6a and then rinsed with EDTA-
supplemented phosphate-buffered saline. Subsequently, cells were 
rewarmed to 37 °C for 20 min in agonist-free medium containing 
5 μg/ml Alexa Fluor 488-conjugated transferrin (Molecular Probes, 
Eugene, Oregon, USA). Finally, cells were fixed and permeabilized, 
and antibody-labeled receptor and M6a were detected with a mixture 
of Cyanine 5.18- and Cyanine 3.18-conjugated second antibodies, 
as described above.

Radioligand binding assays
The binding studies were performed by saturation binding as-

says on total proteins prepared from stably transfected HEK293 
cells expressing HA-MOPr with and without co-expression of 
Myc-M6a. The number of [3H]DAMGO binding sites (Bmax) was 
calculated by Scatchard analysis using at least seven concentrations of 
[3H]DAMGO in a range from 0.25 to 10 nM as previously described 
[49]. Nonspecific binding was determined as radioactivity bound in 
the presence of 1 μM unlabeled DAMGO. The radioligand binding 
assay was sensitive enough to calculate the receptor amount. The 
number of [3H]DAMGO binding sites in a membrane binding assay 
reflects the amount of total MOPrs, which can be used to evaluate 
the receptor down-regulation.

Primary cultures of the cerebral cortex and transfection
All animal procedures were approved by the Otto-von-Guer-

icke-University Magdeburg. Cortical cultures were obtained from 
E17 Sprague Dawley rat embryos (Charles River) and prepared as 
described previously [50]. The freshly prepared cortical cells were 
transfected with pEAK10-HA-MOPr, pCMV-Myc-M6a, pCMV-
Myc-nM6a and/or pCMV-Myc-DM20 plasmids using Rat Neuron 
Nucleofector Solution according to the manufacturer’s protocol 
(Amaxa Inc., USA). After transfection, the cells were seeded at about 
6×105 cells per well in a 12-well plate with poly-L-lysine-coated cov-
erslips for immunocytochemistry and at about 4×105 cells per well 
in a 24-well poly-L-lysine-coated plate for quantitative assays. The 
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cells grew in Neurobasal medium (Invitrogen, Paisley, UK) supple-
mented with 2% B-27, 0.5 mM L-glutamine, 100 U/ml penicillin and 
100 μg/ml streptomycin. Cells were cultured at 37 °C and 5% CO2 
in a humidified incubator. On the fourth day after seeding the cells 
and then every second day thereafter, 50% of the culture medium 
was replaced. Cells were used for experiments 6 days after transfec-
tion. Neurons, astrocytes and oligodendrocytes in the cultures were 
characterized by immunocytochemistry using antibodies for MAP2 
(M4403, Sigma), GFAP (GP52, Progen, Heidelberg, Germany) and 
CNPase (C5922, Sigma), respectively.

Quantitative analysis of receptor internalization
Newly prepared cortical cells (E17) were co-transfected with the 

mixed plasmids of pEAK10-HA-MOPr plus pCMV-Myc, pCMV-
Myc-M6a, pCMV-Myc-DM20 or pCMV-Myc-nM6a as indicated, 
and then seeded at 4×105 cells per well in a poly-L-lysine-coated 
24-well plate. At 6 days after transfection, the cells were precultured 
in UltraMEM medium for 30 min and then surface-labeled with an 
anti-HA antibody as described above. Subsequently, the cells were 
treated with or without 1 μM DAMGO in UltraMEM medium at 37 °C 
for 30 min and then fixed. Following fixation and wash, the cells were 
incubated with peroxidase-conjugated anti-rabbit antibody (1:1,000, 
Amersham) in UltraMEM for 2 h at RT. Plates were developed with 
250 μl of ABTS solution (Roche Molecular Biomedicals, Mannheim, 
Germany). After 15 min, 200 μl of the substrate solution from each 
well was transferred to a 96-well plate and analyzed at 405 nm us-
ing an Expert Plus Microplate Reader (ASYS, Eugendorf, Austria). 
Receptor endocytosis was evaluated as the loss of surface-labeled 
receptors.
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