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Neurotrophins modulate the endogenous opioid system, but the underlying mechanisms are poorly understood. We observed an unex-
pected effect of neurotrophin signaling on the membrane trafficking of recombinant opioid receptors expressed in neurosecretory cells.
Epitope-tagged � opioid receptor (DOR) and � opioid receptor (MOR) were differentially localized between surface and internal mem-
brane pools, respectively, when expressed in primary cultured hippocampal neurons, consistent with previous studies by others of
natively expressing neurons. Selective intracellular targeting of DOR was observed in nerve growth factor (NGF)-differentiated PC12
neurosecretory cells but not in PC12 cells cultured in the absence of NGF, where both DOR and MOR were localized in the plasma
membrane. Surprisingly, NGF initiated intracellular targeting of DOR in PC12 cells acutely, within 60 min after initial activation of TrkA.
The NGF-induced intracellular pool of DOR originated from a late stage of the biosynthetic pathway after exit from the endoplasmic
reticulum and processing of N-linked glycans in the Golgi, resulting in the accumulation in cells of a biochemically mature “reserve” pool
of intracellular DOR that exhibited depolarization-dependent insertion into the plasma membrane. The C-terminal cytoplasmic tail of
DOR contains a signal determining the specificity of NGF-regulated intracellular targeting. These results indicate that cloned opioid
receptors are differentially targeted when expressed heterologously in neurosecretory cells, establish a model system that facilitates
mechanistic study of this process, and suggest a novel function of neurotrophins in modulating the anterograde membrane trafficking of
opioid receptors.
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Introduction
A fundamental means by which neurons regulate signal trans-
duction is by modulating the number of specific receptors
present in their plasma membrane (Carroll et al., 2001; Sheng and
Lee, 2001; Tsao and von Zastrow, 2001). The removal of neural
signaling receptors from the plasma membrane by regulated en-
docytosis has been studied in considerable detail (Keith et al.,
1998; Whistler et al., 1999; Man et al., 2000; Sheng and Lee, 2001).
The converse process, regulated insertion of receptors into the
plasma membrane, plays an important role in modulating the
functional activity of certain signaling receptors (Zhang et al.,
1998; Shi et al., 1999; Shuster et al., 1999; Sheng and Lee, 2001)
but is less well understood.

Opioid receptors comprise a subfamily of structurally homol-
ogous G-protein-coupled receptors (GPCRs) that mediate the
effects of endogenously produced opioid neuropeptides and ex-
ogenously administered opiate analgesic drugs. In non-neural
cells, both � opioid receptor (MOR) and � opioid receptor
(DOR) are targeted to the plasma membrane and remain at
the cell surface unless removed by ligand-induced endocytosis
(Keith et al., 1996; Trapaidze et al., 1996). A similar membrane-

trafficking itinerary appears to apply to MOR endogenously ex-
pressed in neural cell types (Sternini et al., 1996; Keith et al., 1998;
Ko et al., 1999; Cahill et al., 2001; He et al., 2002). However, there
are profound differences in the subcellular targeting of DOR in
native neurons compared with heterologous cell types. Endog-
enously expressed DORs are localized at a steady state predomi-
nantly in intracellular membranes of neurons in brain and spinal
cord, even in the absence of ligand-induced activation (Svingos et
al., 1995; Cheng et al., 1997; Zhang et al., 1998). Furthermore,
DORs are observed in intracellular vesicles of the same neurons
in which endogenously coexpressed MORs are present at the cell
surface, suggesting that intracellular targeting of opioid receptors
results from a specific membrane sorting event (Wang and
Pickel, 2001). Moreover, in some cases, intracellular opioid re-
ceptors are translocated to the neuronal plasma membrane in
response to physiological or pharmacological stimuli, and this
process is thought to play a critical role in potentiating the re-
sponsiveness of specific neurons to opioid agonists (Zhang et al.,
1998; Shuster et al., 1999; Cahill et al., 2001).

We have investigated the targeting of recombinant opioid re-
ceptors expressed in cultured neurons and neurosecretory cells.
Here we show that cloned DOR, like its native counterpart, is
preferentially targeted to intracellular membranes, whereas
cloned MOR is predominantly targeted to the plasma membrane.
Our studies identify the existence of a regulated mechanism by
which DOR is selectively targeted from the late biosynthetic path-
way to a distinct intracellular membrane pool that can be inserted
into the plasma membrane in response to depolarization.
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Materials and Methods
cDNA constructs
FLAG (DYKDDDD) and hemagglutinin (HA) epitope-tagged versions
of the cloned murine � (DOR1; Evans et al., 1992) and � (MOR1) (Kauf-
man et al., 1995) opioid receptors were cloned into pcDNA3 (Invitrogen,
San Diego, CA) as described previously (Keith et al., 1996; Gage et al.,
2001). A CD4-DOR tail was constructed by inserting a PCR product
encoding the DOR tail (amplified from pcDNA3-DOR by PCR using the
5� upstream sense primer 5�-GAACAGGATATCGACGAGAACTTC-
AAGCGC-3� and the 3� primer 5�-TAGAAGGCACAGTCGAGG-3�),
which was digested with EcoRV and XhoI and ligated into SmaI and XhoI
sites present in the cytoplasmic tail of a construct encoding CD4 cloned
into pCR3.1 [provided by Dr. Nadine Jarousse and Dr. Regis Kelly, Uni-
versity of California San Francisco (UCSF)]. A chimeric mutant opioid
receptor, in which the cytoplasmic tail of MOR was replaced with the
corresponding sequence from DOR, was described previously (Whistler
et al., 1999). All mutated sequences were confirmed by dideoxynucle-
otide sequencing (UCSF Genetics Core Facility).

Cell culture and transfection
Rat pheochromocytoma (PC12) cells (provided by Dr. Robert Edwards,
UCSF) were grown in DMEM (UCSF Cell Culture Facility) supple-
mented with 10% cosmic calf serum (Hyclone, Logan, UT) and 5%
equine serum (Hyclone). TrkA-deficient PC12 cells (clone nnr5; pro-
vided by Dr. Francis Lee and Dr. Moses Chao, Weill Medical College of
Cornell University, Ithaca, NY) were grown in RPMI 1640 medium
(UCSF Cell Culture Facility) supplemented with 10% fetal bovine serum
(Hyclone) and 5% equine serum (UCSF Cell Culture Facility). Human
embryonic kidney 293 cells (American Type Culture Collection, Manas-
sas, VA) were grown in DMEM supplemented with 10% fetal bovine
serum. Cells were plated at �60% confluency the day before transfection.
PC12 cells were transfected by electroporation in a 0.4 cm cuvette at 0.3
kV and 960 �F using a Gene Pulser (Bio-Rad, Hercules, CA) in electro-
poration medium (RPMI 1640 medium, 10% cosmic calf serum, 10 mM

dextrose, and 0.1 mM DTT). PC12 nnr5 cells and human embryonic
kidney 293 (HEK293 cells) were transfected using Effectene (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. Clones
of stably transfected cells were selected using either 250 �g/ml Geneticin
(Invitrogen) or 100 �g/ml Zeocin (Invitrogen). Hippocampal neuron
cultures were prepared from postnatal day 0 rats as described previously
(Carroll et al., 1999; Lissin et al., 1999) and plated on poly-D-lysine-
coated coverslips, and 5- to 7-d-old cultures were transfected using Ef-
fectene. Experiments were conducted on transiently transfected cells
48 –72 hr after transfection.

Immunocytochemical staining
For immunocytochemical localization of opioid receptors, cells grown
on poly-D-lysine-coated glass coverslips were fixed in 4% formaldehyde
in PBS, washed with Tris-buffered saline, and permeabilized using 0.1%
(v/v) Triton X-100 (Sigma, St. Louis, MO) in blocking solution (4% dry
milk, 25 mM Tris, 137 mM NaCl, 3 mM KCl, and 1 mM CaCl2). Indirect
immunofluorescence staining of HA- and FLAG-tagged receptors was
performed using murine HA.11 anti-HA antibody (5 �g/ml; Babco,
Berkeley, CA) and murine M1 anti-FLAG antibody (4.2 �g/ml; Sigma),
respectively, and then using fluorochrome-labeled secondary antibodies
(Jackson ImmunoResearch, West Grove, PA) as described previously
(Keith et al., 1996). To specifically visualize internalization of DOR from
the cell surface, an “antibody-feeding” experiment was conducted as
described previously (Keith et al., 1996). Briefly, HA.11 anti-HA anti-
body (5 �g/ml) was added to the culture medium of stably transfected
PC12 cells expressing HA-tagged DOR, and then the cells were further
incubated in the presence of 10 �M 2-D-Ala, 3-D-Leu enkephalin
(DADLE; Research Biochemicals, Natick, MA) or 100 ng/ml nerve
growth factor (NGF; Roche Molecular Biochemicals, Indianapolis, IN)
for 30 or 60 min, respectively. Cells were then fixed using formaldehyde,
and endocytosed antibody was detected by incubating permeabilized
cells with Cy3 donkey anti-mouse antibody (1.5�g/ml; Jackson Immuno-
Research). Dual localization of HA-tagged DOR and trans-Golgi net-
work 38 (TGN38) in the same cells was performed by first incubating

permeabilized cells with anti-HA HA.11 mouse antibody and anti-
TGN38 rabbit antibody (a gift from Dr. Robert Edwards) and washed in
Tris-buffered saline. Bound HA.11 and anti-TGN38 antibodies were vi-
sualized using fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse antibody (Jackson ImmunoResearch) and Texas Red-conjugated
goat anti rabbit antibody (Jackson ImmunoResearch), respectively.
Stained specimens were examined by epifluorescence microscopy using a
Nikon (Melville, NY) Diaphot microscope equipped with a 60� numer-
ical aperture (NA) 1.4 objective, mercury arc lamp illumination, and
standard dichroic filter sets (Omega Optical). Images were collected us-
ing a cooled charge-coupled camera (Princeton Instruments) interfaced
to an Apple (Cupertino, CA) Macintosh computer. Laser-scanning con-
focal fluorescence microscopy was performed using a Bio-Rad MRC
1000 instrument equipped a with Zeiss (Thornwood, NY) 100� NA1.3
objective or a Zeiss LSM 510 microscope equipped with a 63� NA1.3
objective. For quantification of images, coverslips were coded and exam-
ined in a blinded manner by epifluorescence microscopy. Cells were
scored according to whether they contained a prominent intracellular
pool of receptor immunoreactivity. Cells possessing �30 perinuclear
vesicles exhibiting receptor staining intensity greater than or equal to that
present in the plasma membrane were scored as “intracellular.” Approx-
imately 100 cells were selected at random and analyzed for each condi-
tion in each experiment. The results of three to five independent exper-
iments were compiled for each experiment. Bars in the figures represent
mean values calculated from the compiled experiments, and error bars
represent the SEM between these independent experiments.

Biochemical assays of receptor internalization
Surface biotinylation. To measure internalization of DOR biochemically,
a minor modification of a previously described biotinylation assay (Cao
et al., 1999; Whistler et al., 1999) was used. Cells grown to 80% conflu-
ence in poly-D-lysine-coated 100 mm dishes were incubated with 30
�g/ml sulfo-N-hydroxysuccinimide (NHS)-SS (dithio)-biotin in PBS at
4°C for 30 min to biotinylate surface receptors. Unreacted biotinylation
reagent was inactivated by incubating cells with Tris-buffered saline.
Cells were then returned to the 37°C incubator in normal culture me-
dium and treated with 100 ng/ml NGF (1 hr) or 10 �M DADLE (30 min).
After treatment, the remaining surface biotin was cleaved by incubating
cells in glutathione reducing buffer (50 mM glutathione, 75 mM NaCl, 75
mM NaOH, and 10% FBS) followed by quenching of unreacted glutathi-
one using iodoacetamide buffer (0.9% iodoacetamide and 1% BSA in
PBS). The cells were then immediately lysed in cold lysis buffer (0.1%
Triton X-100, 10 mM Tris, 150 mM NaCl, 1 mM CaCl2, and 25 mM KCl)
containing protease inhibitors (100 �g/ml leupeptin, aprotinin, and pep-
statin and 1 mM pefabloc). The remaining internalized biotinylated re-
ceptors were isolated by binding to streptavidin-agarose beads (Pierce,
Rockford, IL), resolved by SDS-PAGE, and detected by immunoblotting
using anti-HA HA.11 antibody.

Fluorescence flow cytometry. Internalization of epitope-tagged recep-
tors was estimated by a previously described method (Keith et al., 1996)
for detecting the immunoreactivity of surface receptors by flow cytom-
etry. Briefly, monolayers of cells stably expressing HA epitope-tagged
DOR were incubated in the presence of 100 ng/ml NGF for 1 hr at 37°C
and then chilled on ice to stop membrane trafficking. Cells were lifted in
EDTA containing PBS, washed twice with PBS at 4°C, and then incubated
with HA11 anti-HA antibody (2.5 �g/ml) in PBS for 1 hr. After washing,
cells were further incubated with FITC-conjugated goat anti-mouse an-
tibody for 30 min followed by washing. Receptor immunoreactivity was
quantified by fluorescence flow cytometry (FACScan; Becton Dickinson,
Mountain View, CA). The fluorescence intensity of 10,000 cells was col-
lected, and Cellquest software (Becton Dickinson) was used to calculate
mean fluorescence intensities from each distribution. Receptor internal-
ization was calculated by determining the reduction of surface fluores-
cence staining intensity relative to that of control (untreated) cells (Keith
et al., 1996).

Metabolic labeling, immunoprecipitation, and biochemical
analysis of receptor glycosylation
Stably transfected PC12 cells expressing HA- or FLAG-tagged opioid
receptors were grown on 100 mm dishes and preincubated with 3 ml of
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Cys- and Met-free DMEM (UCSF Cell Culture Facility) containing 10%
dialyzed FBS for 2 hr before the incubation with 100 ng/ml NGF. After
preincubation of cells in the presence or absence of NGF for 30 min, 0.4
mCi/ml [ 35S]Express protein-labeling mix (PerkinElmer Life Sciences,
Emeryville, CA) was added to the medium, and cells were subsequently
incubated for the indicated times. Cells were washed in ice-cold PBS
twice and lysed in lysis buffer (0.1% Triton X-100, 10 mM Tris, 150 mM

NaCl, 1 mM CaCl2, and 25 mM KCl) containing protease inhibitors (100
�g/ml leupeptin, aprotinin, and pepstatin and 1 mM pefabloc). HA- or
FLAG-tagged receptors were immunoprecipitated from cell extracts us-
ing HA.11 anti-HA antibody, (5 �g/ml; Babco) or M1 anti FLAG anti-
body (4.2 �g/ml; Sigma), respectively, and resolved by SDS-PAGE under
nonreducing conditions. Proteins were fixed, and gels were soaked in
Amplify (Amersham Biosciences, Arlington Heights, IL) and dried under
vacuum at 60 – 80°C. Fluorography was performed by exposing to
X-Omat film (Amersham Biosciences), and autoradiography was per-
formed using a Storm PhosphorImager (Molecular Dynamics, Sunny-
vale, CA). N-linked glycosylation of opioid receptors was analyzed by
digestion with endoglycosidase H and endoglycosidase F (New England
Biolabs, Beverly, MA) according to the manufacturer’s instructions, with
minor modifications as specified in the legend to Figure 4.

Biochemical assay of receptor insertion into the plasma membrane
To examine whether the intracellular pool of DOR could undergo
stimulus-dependent insertion to the plasma membrane, preexisting sur-
face receptors were chemically “masked” by reacting them for 30 min at
room temperature with sulfo-NHS 7-amino 4 methyl coumarin-3-acetic
acid (AMCA; Pierce). This is a membrane-impermeant reagent (verified
by fluorescence microscopy) that irreversibly modifies the same amine
moieties as sulfo-NHS biotin, thereby preventing subsequent biotinyla-
tion of these moieties. Unreacted sulfo-NHS AMCA was inactivated by
subsequent incubation with Tris-buffered saline. Cells were then incu-
bated at 37°C for an additional 30 min either in normal culture medium
or in depolarizing medium supplemented with KCl (55 mM) and 2 mM

Ca 2�. After washing with cold PBS, cells were incubated for 30 min at
4°C in the presence of 30 �g/ml sulfo-NHS-biotin in PBS at 4°C to
biotinylate newly inserted proteins, followed by inactivation of unreacted
reagent with TBS. Cells were immediately lysed in lysis buffer (0.1%
Triton X-100, 10 mM Tris, 150 mM NaCl, 1 mM CaCl2, and 25 mM KCl)
for 30 min, and the cell extracts were obtained by centrifugation in a
microcentrifuge (12,000 rpm for 10 min). Biotinylated receptors were
then precipitated by incubating cell extracts with streptavidin beads

(Pierce). Beads were washed with lysis buffer; proteins were eluted from
beads in SDS sample buffer; and biotinylated receptors were detected by
immunoblotting with HA.11 antibody.

Results
Selective targeting of recombinant DOR to intracellular
membranes in cultured neurons
As a first step toward examining the targeting of recombinant
opioid receptors in neurons, we constructed expression con-
structs encoding FLAG epitope-tagged versions of cloned murine
DOR and MOR. When expressed in primary cultured hippocam-
pal pyramidal neurons, MOR was visualized predominantly in a
peripheral staining pattern (Fig. 1A, bottom panel), consistent
with localization in the plasma membrane. In contrast, DOR,
although also detectable in the plasma membrane, was most
strongly concentrated in intracellular membranes located in the
cell body (Fig. 1A, top panel). This pattern of DOR localization
was observed in the majority (�75%) of transfected neurons
examined. Furthermore, DOR and MOR were observed to local-
ize differentially when tagged with distinct epitopes (FLAG and
HA, respectively) and coexpressed in the same neurons (Fig. 1B).
These results are consistent with the differential localization of
endogenously coexpressed DOR and MOR observed in native
striatal neurons (Wang and Pickel, 2001) and suggest the exis-
tence of an intrinsic difference in the membrane-targeting prop-
erties of DOR and MOR, which can be observed by heterologous
expression of cloned receptors in cultured neurons.

Receptor-specific targeting of opioid receptors in
neurosecretory PC12 cells
To determine whether differences in the intracellular targeting of
DOR and MOR could also be observed in cultured neurosecre-
tory cells, we generated stably transfected PC12 cells expressing
epitope-tagged DOR or MOR and selected clones expressing re-
ceptors at similar levels (�0.3 pmol/mg). Both DOR and MOR
were localized primarily in the plasma membrane of PC12 cells in
the undifferentiated state, similar to the subcellular localization
observed in non-neural cells (Keith et al., 1996; Trapaidze et al.,

Figure 1. Subtype-specific targeting of opioid receptors in transfected hippocampal neurons and PC12 neurosecretory cells. A, Hippocampal neurons in primary culture were transfected with
FLAG-tagged DOR or MOR. Cells were fixed 3 d after transfection and permeabilized, and the subcellular distribution of receptors was visualized by indirect immunofluorescence microscopy.
Representative epifluorescence images are shown. Scale bars, 20 �m. B, Higher-magnification view of a cultured hippocampal neuron cotransfected with plasmids encoding FLAG-tagged DOR and
HA-tagged MOR after fixation and dual localization of receptors. Scale bar, 10 �m. C, Stably transfected PC12 cells expressing epitope-tagged DOR or MOR were incubated with 50 ng/ml NGF for 5 d
to promote morphological differentiation and then fixed and processed for immunofluorescence microscopy. Representative micrographs of untreated control and NGF-differentiated cells are
shown. Scale bars, 10 �m. D, Quantitative analysis of the results illustrated in C, conducted by scoring �100 cells for each condition in each experiment. The proportion of cells in which receptors
were localized predominantly in intracellular membranes (determined in blinded samples as described in Materials and Methods) is presented as mean � SEM determined from analysis of three
independent experiments.
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1996; Murray et al., 1998), with both receptors visualized primar-
ily in the plasma membrane (Fig. 1C, left panels). After prolonged
NGF treatment of PC12 cells (50 ng/ml NGF for 5 d), which
promotes morphological and biochemical differentiation of
PC12 cells toward a neuronal phenotype, DOR was visualized
both at the cell periphery and in intracellular membrane struc-
tures (Fig. 1C, top right panel). In contrast, epitope-tagged MOR,
although expressed at similar levels, remained localized primarily
in the plasma membrane and was not accumulated in intracellu-
lar vesicles under these conditions (Fig. 1C, bottom right panel).
This effect was quantified under blinded conditions in multiple
experiments (Fig. 1D) and was further confirmed in cells coex-
pressing DOR and MOR tagged with different epitopes (results
not shown).

Because morphological differentiation of PC12 cells involves a
complex series of events occurring over a prolonged time course
(Reiser and Hamprecht, 1982), we next examined the kinetics of
the NGF-induced effect on DOR localization. We were surprised
to observe that incubation of cells with NGF for only 60 min, a
time point that precedes the majority of morphological and bio-
chemical changes associated with neural differentiation of this
cell type, was sufficient to produce a detectable increase in the
intracellular membrane pool of DOR (Fig. 2A, top panels). The
NGF-induced intracellular pool of DOR was readily detected by
fluorescence microscopy, because it was tightly concentrated in a
perinuclear distribution, and the internal membrane pool of
DOR was clearly resolved from the plasma membrane by confo-
cal optical sectioning through the centers of cells (insets). In
contrast, MOR remained localized primarily in the plasma mem-
brane under these conditions, as indicated by both epifluores-
cence microscopy (Fig. 2A, bottom panels) and confocal optical
sectioning (insets), consistent with the failure of even chronic
incubation with NGF to detectably alter the subcellular distribu-
tion of MOR. This rapid and selective effect of NGF on DOR
localization in PC12 cells was confirmed in multiple experiments
by blinded analysis of coded specimens (Fig. 2B). NGF-induced
targeting of DOR to intracellular membranes was also observed
in transiently transfected PC12 cells, which express DOR at
widely different levels, but not in a TrkA-deficient subclone
(nnr5) of PC12 cells (Fig. 2C). Furthermore, preincubation of
wild-type PC12 cells with the Trk inhibitor K252a inhibited NGF
from inducing intracellular membrane localization of DOR (re-
sults not shown). Thus receptor-Tyr kinase (RTK) signaling via
TrkA is required for NGF-induced intracellular membrane tar-
geting of DOR in these neurosecretory cells.

A possible explanation for why intracellular targeting of DOR
is observed selectively in neurosecretory cells could be that this
effect is induced only by a subset of RTKs, such as Trk family
receptors, which are expressed specifically in certain neurons.
Alternatively, it is possible that intracellular targeting of DOR is
not a unique consequence of activating a neuron-specific RTK
but, instead, reflects a cell type-specific feature of downstream
signaling components or of the regulated membrane-trafficking
machinery itself. To distinguish between these possibilities, we
examined the effect of activating EGF receptors, ubiquitous RTKs
expressed in various neural and non-neural cell types. Both NGF
and EGF (100 ng/ml each) induced a pronounced increase in the
intracellular membrane pool of DOR observed 60 min after ad-
dition to serum-starved PC12 cells (Fig. 2D, left panels). How-
ever, neither ligand caused detectable intracellular targeting of
DOR in HEK293 cells (Fig. 2D, right panels, E, quantification),
despite the fact that EGF activates downstream signaling (via
MAP kinases) in HEK293 cells to a degree similar to that in PC12

cells (Traverse et al., 1992; Della Rocca et al., 1999). Furthermore,
EGF caused no detectable change in the plasma membrane dis-
tribution of DOR observed in transfected HeLa or COS cells,
non-neural cell types that express relatively large numbers of EGF
receptors (data not shown). Thus the cell type specificity of DOR
targeting is not a consequence of differences in RTK expression

Figure 2. Intracellular targeting of DOR is induced rapidly by receptor-Tyr kinase activation
specifically in neurosecretory cells. A, Stably transfected PC12 cells expressing epitope-tagged
DOR or MOR were maintained in normal culture medium and then incubated for 60 min in the
absence (Control ) or presence (NGF ) of 100 ng/ml added NGF. NGF effects on DOR localization
were visualized by epifluorescence microscopy (top row, main panels) and was confirmed at
higher magnification in confocal optical sections imaged through the center of cells (bottom
right inset; arrow indicates the intracellular membrane pool, and arrowhead indicates plasma
membrane). NGF caused no detectable change in the plasma membrane localization of MOR
(bottom row, main panels) visualized by epifluorescence (main panels) and in confocal optical
sections (bottom right inset; arrowhead indicates plasma membrane). B, Quantification of the
acute NGF effect was conducted by scoring �100 cells (selected at random in coded specimens)
for each condition in each experiment. The proportion of cells characterized by pronounced
intracellular localization of DOR or MOR (using the criteria described in Materials and Methods)
is presented as mean � SEM, compiled from three independent experiments. C, Wild-type
(PC12 wt) or TrkA-deficient (nnr) PC12 cells were transiently transfected with HA-tagged DOR
and analyzed for NGF-induced intracellular targeting of DOR using same method as that applied
to stably transfected cells ( B). Data represent means � SEM from three independent experi-
ments. D, Localization of HA-tagged DOR in stably transfected PC12 neurosecretory cells or
HEK293 cells (selected for comparable levels of DOR expression) was examined in cells main-
tained in normal culture medium and then serum-starved for 120 min (Control ) and compared
with that in serum-deprived cells in which NGF (100 ng/ml) or epidermal growth factor (EGF;
100 ng/ml) was added to the culture medium for 60 min before fixation. Both NGF and EGF
caused pronounced intracellular targeting of DOR in PC12 cells (left panels), whereas neither
NGF nor EGF caused a detectable effect on DOR localization in HEK293 cells (right panels). E,
Quantification of experiments illustrated in D. Randomly selected images were scored blindly as
in B (�100 cells per condition per experiment). Results are presented as mean fraction of cells
displaying pronounced intracellular DOR immunoreactivity � SEM, compiled from three inde-
pendent experiments.
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but, instead, probably reflects a distinct property of downstream
signaling components or of the membrane-trafficking machinery
itself present in neurosecretory cells.

DOR is targeted to the intracellular pool from the
biosynthetic pathway
We next examined the membrane pathway mediating the forma-
tion of the NGF-induced intracellular membrane pool of DOR.
The rapid kinetics with which a detectable intracellular pool was
generated suggested initially that this internal pool might result
from rapid internalization of receptors. Therefore, we compared
the effect of NGF with that of DADLE, an enkephalin analog that
induces rapid endocytosis of DOR in neural and non-neural cells
(Keith et al., 1996; Trapaidze et al., 1996; Ko et al., 1999; Zhang et
al., 1999). DADLE caused a rapid accumulation of intracellular
DOR in membrane structures distributed throughout the cyto-
plasm with a concomitant decrease in plasma membrane immu-
noreactivity, whereas NGF caused accumulation of DOR in a
perinuclear membrane distribution without an obvious loss of
receptor immunoreactivity associated with the plasma mem-
brane (Fig. 3A, top panels). To examine specifically the potential
role of endocytosis in forming the internal membrane pool, re-
ceptors present in the plasma membrane of living cells were la-
beled with antibody, and subsequent redistribution of antibody-
labeled receptors was visualized using fluorescence microscopy.
This antibody-feeding experiment revealed that surface-labeled
DOR remained in the plasma membrane of cells in the presence
of NGF, with no detectable redistribution of labeled receptors
into the cytoplasm. In contrast, DADLE caused rapid transloca-
tion of surface-labeled DOR to endocytic vesicles located
throughout the cytoplasm (Fig. 3A, bottom panels), consistent
with previous studies using this method to demonstrate ligand-
induced endocytosis of opioid receptors in non-neural cells
(Keith et al., 1996) and neurons (Whistler et al., 1999). A bio-
chemical assay of DOR internalization using surface biotinyla-
tion followed by cleavage using a membrane-impermeant reduc-
ing agent (Cao et al., 1998) confirmed that NGF does not cause
detectable internalization of DOR over constitutive levels (ob-
served in the absence of added ligand), in contrast to the pro-
nounced increase of receptor internalization induced by DADLE
(Fig. 3B). Finally, NGF did not cause any detectable acute de-
crease in the number of surface-labeled DOR detected by fluores-
cence flow cytometry, as indicated by the superimposable surface
fluorescence histograms generated from untreated and NGF-
treated cells and by the lack of any NGF-induced decrease in
mean surface receptor density (Fig. 3C). Thus NGF caused intra-
cellular targeting of DOR by a mechanism distinct from ligand-
induced endocytosis of receptors.

To investigate the alternative hypothesis, that the NGF-
induced intracellular membrane pool of DOR arises from the
biosynthetic rather than the endocytic pathway, we examined the
effect of the protein synthesis inhibitor cycloheximide on the
formation of the intracellular membrane pool of DOR. Cyclo-
heximide strongly inhibited the NGF-induced accumulation of
intracellular DOR (Fig. 3D, compare top left, bottom left panels)
without causing any detectable effect on DADLE-induced inter-
nalization (Fig. 3D, right panels). These observations, confirmed
in multiple experiments (Fig. 3E), suggest that NGF causes selec-
tive intracellular targeting of recently synthesized DOR from the
biosynthetic pathway.

Figure 3. NGF-induced intracellular targeting of DOR is not mediated by endocytosis and
requires biosynthesis of new receptor protein. A, Stably transfected PC 12 cells expressing HA-
tagged DOR were treated with 100 ng/ml NGF (1 hr) or 10 �M of the opioid peptide agonist
DADLE (30 min), fixed, and permeabilized to visualize intracellular distribution of DOR by im-
munofluorescence microscopy (top panels, Permeabilized). To specifically detect endocytosis of
receptors, an antibody-feeding experiment was performed (bottom panels, Ab-feeding). Cells
were preincubated with anti-HA antibody for 20 min followed by NGF or DADLE treatment as
above and then fixed, permeabilized, and processed for immunofluorescence microscopy to
detect internalization of surface-labeled receptors. B, Endocytosis of DOR expressed in stably
transfected PC12 cells was analyzed by surface biotinylation assay, as described in Materials and
Methods. Cells were surface-biotinylated at 4°C and then incubated with either DADLE (10 �M)
or NGF (100 ng/ml) for 30 and 60 min, respectively, at 37°C, followed by analysis of detection of
internalized receptors by their resistance to cleavage by a membrane-impermeant reducing
agent. Stripped indicates the efficiency of cleavage of surface biotins under conditions in which
endocytosis is blocked (4°C), and Control represents the amount of signal representing the low
level of (constitutive) internalization observed (at 37°C) in the absence of ligand. The top panel
is a representative blot, and the bars (bottom panel ) represent the results of densitometric
scanning from two independent experiments. C, Surface-exposed DOR was analyzed by fluo-
rescence flow cytometry, as described in Materials and Methods. PC12 cells stably expressing
DOR were incubated with or without NGF (100 ng/ml) for 1 hr, and cell surface receptors were
labeled with HA 11 antibody and quantified by flow cytometry. Representative histograms from
analysis of 10,000 cells from untreated (Control, black) and NGF-treated specimens (NGF, gray)
are overlaid. Nonspecific background staining (determined by staining PC12 cells not express-
ing epitope-tagged receptors) was �10 U on this fluorescence scale. D, Stably transfected PC12
cells were incubated with the protein synthesis inhibitor CHX (3 �g/ml) for 30 min before the
treatment with NGF (100 ng/ml) or DADLE (10 �M) followed by immunocytochemical staining
to visualize distribution of DOR. E, Quantitative analysis of the results depicted in D was con-
ducted as in Figure 2, and data represent mean � SEM from three independent experiments.
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NGF causes retention of recently
synthesized DOR in a post-Golgi
membrane compartment
NGF is well known to stimulate biosyn-
thesis of many cellular proteins (Zhou et
al., 1995). Thus we used metabolic label-
ing to examine the effects of NGF specifi-
cally on opioid receptor biosynthesis. As
expected, NGF caused a significant in-
crease in the amount of radiolabeled DOR
protein detected at both 15 and 75 min
after the initiation of metabolic labeling
(Fig. 4A, compare lanes 2,3, 4,5). How-
ever, NGF caused a similar increase in the
biosynthesis of metabolically labeled
MOR (Fig. 4A, compare lanes 7,8, 9,10)
despite the failure of NGF to induce de-
tectable intracellular targeting of MOR,
suggesting that the ability of NGF to in-
duce the accumulation of DOR in cyto-
plasmic vesicles cannot be explained sim-
ply by increased receptor biosynthesis.

We next examined whether NGF af-
fects the transport of newly synthesized
opioid receptors through the biosynthetic
pathway. Opioid receptors undergo core
glycosylation in the endoplasmic reticu-
lum (ER) followed by a series of post-
translational modifications occurring af-
ter exit of newly synthesized receptors
from the ER. In non-neural cells, ER ex-
port is the rate-limiting step in the biosyn-
thetic membrane trafficking of DOR to
the cell surface, and, accordingly, the in-
tracellular pool of receptors present in
these cells corresponds primarily to im-
mature glycosylated forms (Petaja-Repo
et al., 2000). We investigated whether this
is true in PC12 cells and, if so, whether
NGF creates an intracellular pool of re-
cently synthesized DOR by blocking its
export from the ER. At short times after
biosynthesis (15 min of labeling), DOR
resolved as a major species migrating with
an apparent molecular mass of �39 kDa
(Fig. 4A, lanes 2, 3, left arrow), which was
detected in receptor-transfected cells but
not in control (untransfected) cells (Fig.
4A, lane 1), confirming the specificity of
immunoprecipitation. The molecular mass
of this receptor species corresponds to that of the major core glyco-
sylated form of DOR identified previously in the ER of non-neural
cells (Petaja-Repo et al., 2000), and this was also indicated by analysis
of endoglycosidase H sensitivity (see below).

Within 75 min after biosynthesis, metabolically labeled DOR
resolved as several species with larger apparent molecular masses
(Fig. 4A, lanes 4, 5, arrowheads), corresponding to mature glyco-
sylated forms similar to those observed previously in non-neural
cells (Tsao and von Zastrow, 2000), which are formed by modi-
fication of asparagine-linked glycans occurring after exit of re-
ceptors from the ER and delivery to Golgi cisternas (Petaja-Repo
et al., 2000, 2001, 2002). Consistent with this, these species were
resistant to digestion by endoglycosidase H but could be degly-

cosylated using endoglycosidase F (Fig. 4B, lanes 1– 6). Similar
results were observed in studies of metabolically labeled MOR.
The immature glycosylated form of MOR resolved at �43 kDa
(Fig. 4A, lanes 7, 8, right arrow), and major forms of mature
glycoprotein were detected within 75 min after biosynthesis at
�60 and �95 kDa (Fig. 4A, lanes 9, 10, arrowheads). Signifi-
cantly, NGF did not detectably inhibit the biochemical matura-
tion of either opioid receptor. Therefore, NGF did not block
export of either DOR or MOR from the ER, despite the NGF-
induced increase in biosynthesis of both receptors.

The metabolic-labeling data suggest that the rate-limiting step
for DOR biosynthesis in neurosecretory cells is downstream of
ER exit, and that NGF may affect a later step of biosynthetic

Figure 4. NGF regulates export of DOR from the trans-Golgi network. A, PC12 cells stably expressing HA-tagged DOR or FLAG-
tagged MOR were preincubated with NGF (100 ng/ml) for 30 min and then labeled with [ 35S]Cys-Met for the indicated times, as
described further in Materials and Methods. The cell lysate was immunoprecipitated with antibodies to HA or FLAG epitopes,
respectively, and immunoprecipitates were resolved by SDS-PAGE (10% acrylamide). A fluorograph representative of three inde-
pendent experiments is shown. Arrows indicate immature (core glycosylated) species, and arrowheads indicate mature (complex
glycosylated) forms of the indicated opioid receptors. NGF increased biosynthesis of both DOR (lanes 3, 5) and MOR (lanes 8, 10) at
both time points to a similar extent (�80% as estimated by densitometric scanning). B, Enzymatic deglycosylation was used to
confirm the existence of mature and immature forms of DOR detected in cell lysates prepared from control or acutely NGF-treated
cells by immunoblotting (left panel ). Lysates were undigested (lanes 1, 2) or incubated with either endoglycosidase H (Endo H;
lanes 3, 4 ) or endoglycosidase F (Endo F; lanes 5, 6 ) at a final concentration of 50 U/ml for 1 hr at 37°C. Samples were resolved by
SDS-PAGE and transferred to nitrocellulose membranes, and receptors were detected using HA11 antibody. To specifically detect
the intracellular pool of DOR, intact cells were incubated in the presence of proteinase K (PK ) at 4°C; to cleave the N-terminal
epitope from receptors present in the plasma membrane, protease activity was quenched, and the protease-resistant (internal)
receptors were detected. The predominant form of DOR detected in intracellular membranes of PC12 cells corresponded to the
mature, complex glycosylated form. NGF caused a pronounced increase in the amount of this intracellular receptor pool (lanes 7, 8).
C, Colocalization of DOR with the TGN marker TGN38 was visualized by costaining cells with anti-HA and anti-TGN38 antibodies.
Cells were treated with NGF for 1 hr and then stained for HA-tagged DOR and TGN38, as described in Materials and Methods.
Representative epifluorescence microscopic images are shown. Scale bars, 10 �m. D, Higher magnification of DOR compared with
TGN38 distribution in an individual NGF-treated cell. Scale bar, 3 �m.
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membrane trafficking in these cells. If this is true, one would
predict that the majority of DOR present at a steady state in
intracellular membranes would correspond to biochemically ma-
ture, post-ER forms of receptor glycoprotein rather than the
core-glycosylated form present in the ER. To test this, we devel-
oped a protease protection method, which selectively ablates re-
ceptors present in the plasma membrane of intact PC12 cells but
leaves the intracellular membrane pool intact. Control experi-
ments using fluorescence flow cytometry indicated that �95% of
epitope-tagged DORs present in the plasma membrane were pro-
teolyzed under these conditions (results not shown), and intra-
cellular receptors, the only species resistant to proteolysis, were
subsequently analyzed by immunoblotting. This method con-
firmed that NGF caused a pronounced increase in the intracellu-
lar pool of DOR in PC12 cells (Fig. 4B, lanes 7, 8). The vast
majority of intracellular DOR corresponded to biochemically
mature forms, as indicated by electrophoretic mobility (Fig. 4B,
lane 8) and resistance to endoglycosidase H (Fig. 4B, compare
lanes 8, 3,4). Even in cells not exposed to NGF, a significant
(although much lower) amount of intracellular DOR was de-
tected biochemically, and, again, the major fraction represented
mature, post-ER forms of the receptor protein (Fig. 4B, lane 7).

To further investigate the post-ER nature of the NGF-
sensitive intracellular pool of DOR, we performed colocalization
studies using various markers of biosynthetic membranes. The
perinuclear distribution of the intracellular pool of DOR induced
by NGF differed from the more dispersed distribution of ER
membranes visualized in these cells (results not shown). Pro-
nounced overlap was observed with TGN38, an integral mem-
brane protein concentrated specifically in membranes of the
trans-Golgi network (Luzio et al., 1990) (Fig. 4C,D). Consistent
with this, we also observed close overlap between the intracellular
pool of DOR and Golgi matrix 130 (GM130), a Golgi matrix
protein that is directly associated with cis-Golgi membranes and
is closely adjacent to trans-Golgi elements (Nakamura et al.,
1995) but not with transferrin receptors that mark early and re-
cycling endosomes (Hopkins and Trowbridge, 1983; Mukherjee
et al., 1997) (results not shown), although DOR colocalizes ex-
tensively with transferrin-containing endosomes after endocyto-
sis induced by agonist ligands such as DADLE (Keith et al., 1996).
Together these results suggest that the NGF-induced intracellular
pool of DOR is localized close to (or contiguous with) Golgi
cisternas or the trans-Golgi network, a membrane complex in-
volved in sorting other membrane proteins from the biosynthetic
pathway in neurosecretory cells (Wan et al., 1998; Waites et al.,
2001). Consistent with this, brefeldin A, which causes redistribu-
tion of Golgi and TGN-derived components throughout the cy-
toplasm in PC12 cells (Waites et al., 2001), produced a pro-
nounced dispersal of intracellular DOR throughout the
cytoplasm of NGF-treated cells (results not shown). Together,
these results argue strongly that the NGF-induced intracellular
pool of DOR observed in PC12 cells does not result from
neurotrophin-induced retention of receptors in the ER but, in-
stead, is derived from the biosynthetic pathway after exit of re-
ceptors from the ER and delivery to the Golgi apparatus.

NGF regulates the export of previously synthesized DOR
from the TGN
The identification of a post-ER rate-limiting step in the antero-
grade membrane pathway of DOR suggests two basic hypotheses
for the mechanism by which NGF could promote targeting of
receptors to a post-Golgi intracellular membrane pool. One pos-
sibility is that NGF-induced effects on DOR targeting could arise

as a secondary consequence of increased receptor biosynthesis
and the existence of a later step of membrane transport, which
creates a kinetic “bottleneck” specific for DOR when expression is
increased. An alternative possibility is that NGF, in addition to its
effects on initial receptor biosynthesis, regulates a distinct step of
membrane transport at a late stage of anterograde trafficking,
which occurs after receptors are delivered to Golgi or TGN mem-
branes and is specific for DOR. To test these hypotheses, we de-
vised a “pulse– chase” protocol to dissociate effects of NGF on
receptor biosynthesis from possible later effects on anterograde
membrane trafficking (Fig. 5A). Stably transfected PC12 cells
were pulsed by incubation with NGF for 60 min to induce the
formation of a significant intracellular membrane pool of DOR
that could be easily visualized by fluorescence microscopy. Then
a chase incubation was initiated by adding cycloheximide (CHX)
to the culture medium to prevent further biosynthesis and thus to
restrict subsequent analysis to the intracellular pool of DOR gen-
erated initially in the pulse incubation. The chase incubation was
then conducted either in the continued presence of NGF or after
NGF washout, and the effect of NGF on the initially formed
intracellular receptor pool was subsequently examined (Fig. 5B)
in comparison with the intracellular membrane pool present at
the beginning of the chase (Fig. 5B, panel a). After washout of
NGF and chase incubation in the presence of CHX, the intracel-
lular pool of DOR was completely dissipated within 2 hr (Fig. 5B,
panel b). However, the intracellular membrane pool of DOR was
stabilized when chase incubations were conducted in the pres-
ence of NGF (Fig. 5B, panel d). Significant stabilization of the
initially formed intracellular pool of DOR was observed even
after 4 hr of chase incubation in the presence of NGF (Fig. 5B,
panel e, arrow indicates an example of the residual intracellular
DOR visualized in a representative cell). These observations
(summarized from blinded analysis in Fig. 5C) suggest that the
NGF-induced accumulation of intracellular DOR is not simply a
consequence of increased receptor biosynthesis and that NGF
regulates a later (post-ER) event in the anterograde membrane
trafficking of DOR, which is required to maintain the internal
membrane pool of DOR in the absence of ongoing receptor
biosynthesis.

The C-terminal cytoplasmic domain of DOR contains an
NGF-regulated intracellular targeting signal
To begin to examine the mechanism by which NGF selectively
promotes intracellular targeting of DOR, we searched for struc-
tural determinants that distinguish the intracellular targeting of
DOR and MOR in NGF-treated PC12 cells. DOR and MOR share
extensive structural homology in their cytoplasmic domains, ex-
cept for a highly divergent sequence present in a distal portion of
the C-terminal cytoplasmic tail. Whereas NGF failed to cause
detectable intracellular targeting of wild-type MOR (Figs. 1, 2),
replacing the divergent 27 residues located in the MOR tail with
the corresponding sequence from DOR conferred NGF-induced
intracellular targeting of the chimeric mutant opioid receptor
(Fig. 6A). This effect was observed reproducibly both after acute
(60 min) and chronic (5 d) exposure of cells to NGF (Fig. 6B).
The C-terminal cytoplasmic domain has been implicated previ-
ously in modulating endocytosis of DOR (Trapaidze et al., 1996),
suggesting that this domain contains distinct signals that control
both anterograde and endocytic membrane trafficking of opioid
receptors.

To determine whether the DOR-derived tail sequence is capa-
ble of functioning as an autonomous membrane-targeting signal
or whether this specific sequence functions only in the context of
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a full-length opioid receptor, we examined the effect of fusing the
DOR-derived tail sequence to CD4, a heterologous type I mem-
brane protein unrelated to GPCRs. In the absence of NGF, both
CD4 and a chimeric mutant version (CD4-DOR) containing the
C-terminal cytoplasmic domain derived from DOR were visual-
ized by confocal microscopy predominantly in the plasma mem-
brane (Fig. 6C, left panels). After addition of NGF to the culture
medium, CD4 was still localized predominantly in the plasma
membrane, whereas the CD4-DOR chimera was observed also in

a brightly staining population of intracellular vesicles located in a
perinuclear distribution (Fig. 6C, right panels, D, quantification).
These results suggest that the C-terminal cytoplasmic domain of
DOR contains an autonomous membrane-trafficking signal,
which is sufficient to confer neurotrophin-regulated intracellular
targeting on a related GPCR as well as a heterologous integral
membrane protein.

Regulated surface insertion of the NGF-induced intracellular
pool of opioid receptors
The ability of NGF to regulate export of DOR from the TGN
raised the question of the potential physiological function of this
regulated membrane-trafficking mechanism. Previous studies of
opioid receptor regulation in native neurons suggest that a criti-
cal function of intracellular membrane localization is to provide
an intracellular pool of receptors that can be delivered to the
plasma membrane in response to neuronal depolarization and
perhaps other physiological stimuli (Zhang et al., 1998; Shuster et
al., 1999; Cahill et al., 2001). Thus we examined whether the
neurotrophin-induced intracellular pool of opioid receptors gen-
erated in PC12 cells could function in this manner. Stably trans-
fected PC12 cells expressing HA-tagged DOR were incubated in
the presence of NGF for 60 min to accumulate a substantial in-

Figure 5. NGF inhibits constitutive trafficking of DOR from the post Golgi membrane pool to
the plasma membrane. A, Diagram showing a pulse– chase protocol designed to examine the
effect of NGF on anterograde membrane trafficking of previously synthesized DOR. Cells were
pulsed with NGF (100 ng/ml) for 1 hr to induce the accumulation of receptors in intracellular
membranes and chased in the presence of CHX (3 �g/ml) either with (d, e) or without (b, c) NGF.
B, Representative micrographs showing effects on the intracellular membrane pool of DOR
during the pulse– chase protocol. The internal membrane pool of DOR present initially after the
NGF pulse ( a) was chased out almost completely within 2 hr after removal of NGF ( b) and was
undetectable after 4 hr ( c). The continued presence of NGF in the culture medium markedly
stabilized the intracellular pool of DOR, such that a pronounced internal membrane pool was
observed after 2 hr ( d) and even 4 hr ( e) in the absence of new protein synthesis. C, Bar graph
displaying the results of quantitative analysis of coded specimens. Data represent means �
SEM, compiled from three independent experiments.

Figure 6. The C-terminal cytoplasmic domain of DOR contains an autonomous intracellular
targeting signal. A, Stably transfected PC12 cells expressing a FLAG-tagged chimeric MOR con-
taining divergent residues from the distal cytoplasmic tail of DOR (residues 345–372) were
incubated in the absence (Control ) or presence (NGF ) of NGF (100 ng/ml) for 1 hr, fixed, and
processed for immunocytochemical staining. Representative micrographs of receptor localiza-
tion in control and NGF-treated cells are shown. B, Quantitative analysis of coded specimens
corresponding to the experiment illustrated in A, as well as in cells incubated with NGF for 5 d (as
in Fig. 1), was conducted as described above, and data represent means � SEM from three
independent experiments. C, PC12 cells were transiently transfected with an expression con-
struct encoding CD4 or the CD4-DOR tail fusion, as described in Materials and Methods. Forty-
eight hours after transfection, cells were incubated in the absence or presence of 100 ng/ml NGF
for 1 hr, and then cells were fixed, and CD4 proteins were localized using anti-CD4 antibody.
Confocal optical sections (�0.5 �m thick) taken through the centers of cells are shown. D,
Quantitative analysis of the results described in C. Bars represent means � SEM from three
independent experiments, each involving blinded analysis of �100 cells selected at random
per condition.
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tracellular membrane pool of receptors. Then cells were depolar-
ized by addition of 55 mM KCl to the culture medium, and the
effect on internal and plasma membrane pools of DOR was visu-
alized by fluorescence microscopy. Depolarization caused a no-
ticeable decrease in the relative staining intensity of intracellular
DOR in the majority of cells (�70%) examined (Fig. 7A, com-
pare left, right panels). Inspection of individual cells at higher
magnification (insets) revealed a depolarization-dependent
change in the relative amount of DOR present in internal (ar-
rows) and plasma membrane-associated pools (arrowheads),
consistent with depolarization-induced translocation to the cell
surface.

As an independent and more objective test of this hypothesis, we
developed a biochemical assay to specifically detect insertion of recep-
tors intotheplasmamembrane.HA-taggedDORpresent initially inthe

plasma membrane of stably transfected PC12
cells was chemically masked by reacting intact
cells with sulfo-NHS AMCA. This compound
is a membrane-impermeant agent that irre-
versibly modifies surface-accessible amines
usingthesamechemistryassulfo-NHSbiotin,
thereby preventing later biotinylation of the
preexisting pool of surface receptors. After a
subsequent incubation of cells in normal or
depolarizing medium, newly inserted recep-
tors were specifically labeled by surface bioti-
nylation using sulfo-NHS biotin (Fig. 7B). No
detectable insertion of biotinylatable receptors
was observed after subsequent incubation of
either control or NGF-pretreated cells for 30
min in normal (nondepolarizing) culture me-
dium (Fig. 7C, lanes 1, 3, respectively). How-
ever, in NGF-pretreated cells incubated under
depolarizing conditions after surface receptor
masking, a significant signal representing
newly biotinylatable receptor protein was de-
tected in the plasma membrane (Fig. 7C, lane
4). Depolarization increased the surface-
biotinylatable fraction of newly inserted DOR
in the plasma membrane (Fig. 7C, lanes 3, 4)
without causing a detectable change in the to-
tal amount of DOR detected by immunoblot-
ting of whole cell extracts (Fig. 7C, lanes 5, 6),
supporting the conclusion that depolarization
causes a surface redistribution of the existing
pool of intracellular DOR. Quantification of
multiple experiments using densitometric
scanning(Fig.7D)confirmedtheseresultsand
demonstrated that depolarization caused a
highlysignificant( p�0.02)insertionofDOR
intotheplasmamembraneofNGF-pretreated
cells. There was also a trend toward a small
effect of depolarization on increasing surface
deliveryofDORincontrol(NGF-naive)PC12
cells, consistent with the existence of a small
intracellular membrane pool of DOR even
under these conditions (Fig. 4), but this effect
was small and did not reach statistical signifi-
cance with the available data. Importantly, the
electrophoretic mobility of the newly inserted
surface DOR detected in depolarized cells cor-
responded to that of the mature receptor gly-
coprotein, consistent with the biochemical

properties of the NGF-induced intracellular membrane pool of DOR
(Fig. 4B). Together with the immunocytochemical data (Fig. 7A), these
results suggest that a portion of the NGF-induced intracellular mem-
brane pool of DOR can be rapidly mobilized to the cell surface by
depolarization-dependent fusion with the plasma membrane.

Discussion
The present studies suggest that neurosecretory cells and neurons
express a specialized mechanism for selectively sorting structur-
ally homologous opioid receptor subtypes to an intracellular
membrane pool. In PC12 cells, neurotrophin signaling via the
TrkA receptor-Tyr kinase promotes sorting of recently synthe-
sized DOR, after exit from the ER and transport to the Golgi
apparatus, to a pool of intracellular membranes located in close
proximity to the TGN. Neurotrophin signaling both initiates tar-

Figure 7. DOR present in the intracellular membrane pool can undergo regulated insertion into the plasma membrane. A, PC12
cells stably expressing HA-tagged DOR were treated with NGF (100 ng/ml) for 1 hr to induce a visible intracellular membrane pool
(left panel, inset, small arrowhead), and then cells were incubated for an additional 30 min in normal medium still containing added
NGF (NGF ) or the same medium supplemented with 55 mM KCl (NGF/Depolarization) before fixation and analysis of receptor
localization by fluorescence microscopy. Inset, Examples of cells suggesting a depolarization-induced decrease of the intracellular
membrane pool of DOR (arrow) and a moderate increase in the amount of immunoreactive DOR visualized in the plasma mem-
brane (arrowhead). This effect was seen in the majority (�70%) of cells but was rarely complete, such that some residual internal
DOR staining was visualized in �90% cells even after depolarization for 60 min (results not shown). B, Schematic of the surface
modification protocol developed to specifically detect depolarization-induced insertion of DOR into the plasma membrane. Cells
were treated with NGF for 1 hr to form intracellular vesicles and incubated with sulfo-NHS AMCA at room temperature to chemically
mask receptors present in the plasma membrane by exhaustively derivatizing reactive amine moieties accessible to the cell surface.
Cells were then incubated for 30 min at 37°C in the indicated medium and rapidly chilled to 4°C, and newly inserted receptors were
detected by their ability to be labeled using sulfo-NHS-biotin. The numbers above each set of experimental conditions correspond
to the lanes in C. C, Extracts were prepared from biotinylated cells, and total cell lysate (Total ) or biotinylated proteins isolated from
extracts by binding to streptavidin-agarose (Biotinylated) were resolved by SDS-PAGE and analyzed by immunoblotting using
anti-HA monoclonal antibody to detect HA-tagged DOR. Biotinylated (newly inserted) receptors detected in PC12 cells incubated
control medium in the absence of NGF (lane 1), DOR-expressing cells in control medium followed by depolarization (lane 2), NGF
treatment for 60 min (lane 3), and NGF treatment for 60 min followed by depolarization (lane 4 ) are shown. Immunoblotting of
total cell lysates (lanes 5, 6, representing 5% of the total cell lysate) indicated that depolarization caused no detectable change of
total DOR present in cells, confirming that the depolarization-induced increase in surface-biotinylated DOR represents a redistri-
bution of intracellular receptors to the cell surface. The immunoblot shown is representative of three independent experiments for
NGF-treated cells and two experiments for control cells (not exposed to NGF). D, Quantification of these results by scanning
densitometry. Bars represent mean � SEM (n � 3 independent experiments). *Statistical significance of the difference between
depolarized and nondepolarized surface expression, defined as p � 0.02 using Student’s t test.
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geting of recently synthesized DOR to an intracellular membrane
pool and is sufficient to maintain this receptor pool for a pro-
longed period in the absence of ongoing receptor biosynthesis.
The cytoplasmic tail of DOR contains a specific anterograde traf-
ficking signal, which is sufficient to mediate NGF-induced intra-
cellular retention when appended to a distinct opioid receptor or
even to a heterologous membrane protein. Furthermore, the
neurotrophin-induced intracellular pool of DOR can be mobi-
lized to the plasma membrane by depolarization, suggesting that
this trafficking mechanism is relevant to the physiological regu-
lation of opioid receptors in native neurons, where intracellular
opioid receptors are thought to function as a “reserve pool” re-
cruited to the plasma membrane in response to neuronal activity
(Zhang et al., 1998; Shuster et al., 1999; Cahill et al., 2001).

Although our mechanistic studies were conducted in PC12
neurosecretory cells, a similar intracellular targeting of DOR was
observed in transfected hippocampal neurons but not in a variety
of non-neural cell types. A potentially important difference be-
tween our observations with PC12 neurosecretory cells and
transfected pyramidal neurons is that intracellular targeting of
DOR in neurons did not require the addition of NGF to the
culture medium. This suggests that intracellular targeting of
DOR in true neurons may occur constitutively, or that the signal-
ing system regulating this process is activated under normal cul-
ture conditions. Indeed, our studies of PC12 cells indicate that
TrkA is not the only RTK capable of inducing intracellular tar-
geting of DOR, and the medium required to sustain hippocampal
neurons in primary culture contains a number of growth factors
distinct from NGF. Thus the present results identify a potentially
general role of RTK-mediated signaling in modulating antero-
grade membrane trafficking of opioid receptors in neuronal cells,
and they add to the growing body of evidence indicating that
neurotrophins serve multiple functions in neural cell biology dis-
tinct from their well established role as growth and survival fac-
tors (Schuman, 1999).

The selective regulation of the post-Golgi membrane traffick-
ing of DOR demonstrated in the present study contrasts with
previous studies of the trafficking of a variety of integral mem-
brane proteins (including opioid receptors) expressed in non-
neural cell types, where anterograde transport is limited by the
export of properly assembled proteins from the endoplasmic re-
ticulum and later steps mediating Golgi-to-plasma membrane
transport appear to occur by default. Consistent with this, the
major fraction of DOR present in cytoplasmic membranes of
NGF-treated PC12 cells corresponds to the biochemically “ma-
ture” glycoprotein that has already been processed by Golgi en-
zymes (Fig. 4), in contrast to “immature” forms characteristic of
recently synthesized receptors before ER exit (Petaja-Repo et al.,
2001). This novel receptor-trafficking mechanism suggests an
explanation for the well established observation that, whereas
DOR is localized predominantly in the plasma membrane when
expressed in non-neural cells, this opioid receptor is selectively
localized in intracellular membranes of native neurons (Svingos
et al., 1995; Cheng et al., 1997; Zhang et al., 1998).

It will be interesting in future studies to elucidate the specific
membrane trafficking machinery that mediates selective intracel-
lular targeting of DOR and to determine how it is regulated by
RTK signaling. The ability of ubiquitously expressed EGF recep-
tors to promote intracellular targeting selectively in neurosecre-
tory cells suggests that there may exist cell type-specific substrates
of receptor-Tyr kinase signaling that regulate targeting of opioid
receptors in neurons. Interestingly, despite the ability of a se-
quence derived from the C-terminal cytoplasmic domain of DOR

to confer NGF-modulated intracellular trafficking both on a mu-
tant opioid receptor (MOR-DOR tail) and on a heterologous
integral membrane protein (CD4-DOR tail), this sequence does
not contain Tyr residues. Consistent with this, we have not ob-
served NGF-induced phosphorylation of the full-length DOR in
PC12 cells (results not shown). Thus we believe that there may
exist distinct substrate(s) of neurotrophin-dependent phosphor-
ylation, in addition to opioid receptors themselves, that regulate
anterograde membrane trafficking of receptors in neurosecretory
cells.

Another important question raised by the present studies is
the precise nature of membrane vesicles that mediate regulated
surface insertion of opioid receptors. Although endogenously ex-
pressed opioid receptors can be observed in dense-core secretory
vesicles in CNS neurons, intracellular receptors are also present
in other membrane structures that do not resemble either classi-
cal dense-core or synaptic vesicles (Svingos et al., 1995; Becz-
kowska et al., 1997; Zhang et al., 1998; Wang and Pickel, 2001).
We have observed that the major fraction of intracellular DOR
observed in PC12 cells does not colocalize with secretogranin, a
marker of classical dense-core secretory vesicles (results not
shown). Furthermore, the sequence of the cytoplasmic tail of
DOR does not share detectable homology with anterograde sort-
ing signals that control sorting of membrane proteins into dense
core vesicles (Waites et al., 2001). Thus it is possible that opioid
neuropeptide receptors are targeted to a distinct population of
regulated exocytic vesicles in neurosecretory cells, which are dis-
tinct from those mediating regulated secretion of neuropeptides
themselves, raising the possibility that there may exist additional
pools of exocytic membranes that specifically transport signaling
receptors to the plasma membrane of neurons. The idea that
there exist multiple pathways of regulated exocytic membrane
trafficking in neural cells is consistent with the presence of both
classical synaptic vesicles and peptide-containing dense-core se-
cretory vesicles in many neurons, as well as recent evidence for
distinct membrane compartments that deliver structural pro-
teins to the presynaptic plasma membrane (Zhai et al., 2001).

Finally, the present observation that neurotrophin signaling
both initiates the sorting of biochemically mature DOR to intra-
cellular membranes and is required to maintain the intracellular
membrane pool once formed suggests that the post-Golgi mem-
brane trafficking and membrane insertion of signaling receptors
in neurons are highly regulated processes. It appears likely that
receptor-Tyr kinase signaling regulates post-Golgi membrane
trafficking of other neural proteins, in addition to opioid recep-
tors, because the clone of PC12 cells used in our studies do not
express detectable levels of endogenous DOR, yet these cells me-
diate regulated intracellular targeting of this receptor when het-
erologously expressed. Also, because activation of tumor necrosis
factor � receptors has been shown recently to regulate the surface
expression of AMPA-type ionotropic glutamate receptors in neu-
rons (Beattie et al., 2002), it is possible that this principle extends
to other classes of signaling receptor. Thus we believe that regu-
lated anterograde membrane trafficking is likely to represent a
fundamental mechanism of cross talk between distinct receptor
signaling systems, by which the biochemical composition, and
hence functional activity, of the neuronal plasma membrane is
controlled.
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