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We examined the cellular and subcellular distribution of the
cloned k opioid receptor (KOR1) and its trafficking to the pre-
synaptic plasma membrane in vasopressin magnocellular neu-
rosecretory neurons. We used immunohistochemistry to show
that KOR1 immunoreactivity (IR) colocalized with vasopressin-
containing cell bodies, axons, and axon terminals within the
posterior pituitary. Ultrastructural analysis revealed that a major
fraction of KOR1-IR was associated with the membrane of
peptide-containing large secretory vesicles. KOR1-IR was
rarely associated with the plasma membrane in unstimulated
nerve terminals within the posterior pituitary. A physiological

stimulus (salt-loading) that elicits vasopressin release also
caused KOR1-IR to translocate from these vesicles to the
plasma membrane. After stimulation, there was a significant
decrease in KOR1-IR associated with peptide-containing ves-
icles and a significant increase in KOR1-IR associated with the
plasma membrane. This stimulus-dependent translocation of
receptors to the presynaptic plasma membrane provides a
novel mechanism for regulation of transmitter release.
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Multiple mechanisms have been identified that regulate the avail-
ability of receptors for ligand binding. For example, changes in
gene expression, phosphorylation, and internalization are estab-
lished cellular mechanisms that alter receptor availability and
ultimately receptor-mediated signal transduction across the
plasma membrane (Bohm et al., 1997). Another mechanism that
may regulate receptor availability for ligand binding is stimulus-
dependent insertion of receptors into the plasma membrane.
Several types of integral membrane proteins, such as glucose
transporters (James et al., 1994), GABA transporters (Quick et
al., 1997), and calcium channels (Passafaro et al., 1996), have been
shown to translocate to the plasma membrane during regulated
exocytosis. In addition, an in vitro study has recently shown that
dopamine D1 receptors expressed by tubular epithelial cells from
the kidney can be recruited to the plasma membrane in response
to D1 agonists (Brismar et al., 1998).

In neurons, most receptors appear to be constitutively installed
into the plasma membrane (Zhang et al., 1998). However, light
microscopic immunohistochemical studies of the cloned opioid
receptors have lead us to hypothesize that certain presynaptic
receptors may be transported in the regulated secretory pathway
and require nerve stimulation to be inserted in the plasma mem-
brane (Dado et al., 1993; Elde et al., 1995). Data from several
ultrastructural immunocytochemical studies extend these results
by demonstrating d opioid receptor immunoreactivity (IR) and k
opioid receptor (KOR1)-IR associated with structures resembling
large dense-core vesicles in dorsal root ganglia, spinal cord, and
hippocampus (Cheng et al., 1995; Drake et al., 1996; Zhang et al.,
1998). However, translocation of receptors to the presynaptic

plasma membrane has not been directly examined or demon-
strated in neurons.

Presynaptic k opioid receptors have been shown to exist in
various regions of the brain (Schoffelmeer et al., 1988; Werling et
al., 1988; Mulder et al., 1991; Schoffelmeer et al., 1997), including
the axon terminals of hypothalamic magnocellular neurosecre-
tory neurons (MNN) (Herkenham et al., 1986; Boersma et al.,
1994). There are two principal types of MNN, vasopressin- or
oxytocin-producing. k opioid receptor function (Van Wimersma
Greidanus and Van de Heijning, 1993) and peptidergic neurose-
cretion (Hatton, 1990; Palkovits, 1992) have been extensively
studied in MNN axon terminals in the posterior pituitary. k
opioid receptors are found on the terminals of MNN that contain
vasopressin (Herkenham et al., 1986; Kato et al., 1992; Boersma
et al., 1994). Dynorphin acts on these presynaptic receptors to
decrease calcium currents (Rusin et al., 1997) and peptide release
(Zhao et al., 1988). Dehydration can cause vasopressin release
(Bourque et al., 1994), making these neurons easily manipulated
in vivo. The existence of presynaptic k opioid receptors, the
abundance of secretory vesicles within these terminals, and the
ease of manipulation of these neurons in vivo by dehydration
make this is an ideal system to study the delivery of presynaptic
KOR1 to the plasma membrane.

Therefore, we examined stimulus-dependent translocation of
presynaptic receptors by studying KOR1 distribution in vasopres-
sin MNN. First, we conducted cellular and subcellular immuno-
histochemical analysis of KOR1 and vasopressin–neurophysin
(VPNP) in the cell bodies and axons of hypothalamic MNN.
VPNP, a portion of the propeptide containing the neuropeptide
vasopressin, is found in large secretory vesicles that are released
from terminals in the neural lobe of the pituitary (Dreifuss, 1975).
Association of the peptide VPNP and KOR1 with the same large
secretory vesicle would suggest that access of KOR1 to the plasma
membrane is stimulus-dependent. Second, because vasopressin
secretion has been shown to be markedly increased by dehydra-
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tion and salt-loading (Bourque et al., 1994; Shoji et al., 1994), rats
were salt-loaded by an injection of hypertonic saline. This exper-
iment tested the hypothesis that if presynaptic KOR1 is inserted
into the plasma membrane during regulated exocytosis, salt-
loading would result in translocation of KOR1 to the plasma
membrane.

MATERIALS AND METHODS
In all experiments, animals were used and cared for in accordance with
the animal care guidelines established by the University of Minnesota.

Antibodies. The KOR1 antiserum was produced in female rabbits (New
Zealand White; Birch Wood, Red Wing, MN) by immunization with a
conjugate of the C terminus of the rat KOR1 sequence (366–380,
DPASMRDVGGMNKPV). The antiserum has been previously de-
scribed and characterized (Arvidsson et al., 1995). VPNP antibody-
producing mouse hybridomas were purchased from American Type
Culture Collection (Manassas, VA) (CRL-1799, clone PS41).

Immunohistochemistry. For light microscopy, male Sprague Dawley
rats (150–200 gm; Harlan Sprague Dawley, Indianapolis, IN) were pro-
cessed for immunohistochemistry as described previously (Vulchanova
et al., 1996). Briefly, animals were anesthetized with an intramuscular
injection of a mixture of 75 mg/kg ketamine, 5 mg/kg xylazine, and 1
mg/kg acepromazine. The animals were then perfused transcardially
first with a calcium-free Tyrode’s solution, followed by a modified Zam-
boni’s fixative (4% paraformaldehyde and 0.2% picric acid, pH 6.9), and
finally with 10% sucrose in PBS. The tissues were removed and left
overnight in 10% sucrose solution at 4°C. The tissues were then frozen,
sectioned on a cryostat, and processed for immunohistochemistry. Thaw-
mounted cryostat sections (14 mm) were preincubated in blocking buffer
(PBS, 0.3% Triton X-100, 1% BSA, 1% normal donkey serum, and 0.01%
NaN3 ) for 1 hr at room temperature, followed by overnight incubation
with anti-KOR1 (1:10,000) antisera alone or in combination with anti-
VPNP (1:50) antibodies at 4°C (clone PS41). VPNP-IR was detected
with fluorescently conjugated, mouse-specific secondary antibodies (1:
100; Jackson ImmunoResearch, West Grove, PA). KOR1-IR was ampli-
fied using the biotinylated tyramine amplification technique (Adams,
1992; Berghorn et al., 1994). Briefly, after incubation in anti-KOR1
antisera, sections were incubated in biotinylated goat anti-rabbit IgG for
1 hr at room temperature. Sections were incubated in a horseradish
peroxidase-coupled avidin–biotin complex for 30 min (Vector Elite;
Vector Laboratories, Burlingame, CA). Next, the sections were incu-
bated in a biotinylated tyramine and H2O2 (0.03%) solution for 20 min.
KOR1-IR was visualized using fluorescently conjugated streptavidin
(1:200; Vector Laboratories). Images were acquired by confocal micros-
copy (Bio-Rad 1000; Bio-Rad, Hercules, CA) and printed on a Fuji
(Tokyo, Japan) Pictrography 3000.

For electron microscopy, male Sprague Dawley rats (150–200 gm)
were anesthetized as above and perfusion-fixed (4% paraformaldehyde,
0.1% picric acid, and 0.05% glutaraldehyde in phosphate buffer, pH 7.4),
and the tissues were processed as described below. The neural lobe was
removed and post-fixed at 4°C for 3 hr in perfusion solution, followed by
1 hr fixation in 1% osmium tetroxide and 1.5% potassium ferricyanide at
room temperature. After ethanol-dehydration, tissues were cleared in
propylene oxide and embedded in Epon–Araldite resin according to
standard embedding protocols. Ultrathin sections were cut with a dia-
mond knife and collected on uncoated 300 mesh nickel grids. Grids were
preincubated in blocking buffer (1% BSA and 10% NGS in PBS, pH 7.4)
for 10 min and labeled with anti-KOR1 (1:1000) antisera alone or in
combination with anti-VPNP (1:50) for 3 hr at room temperature.
Immunoreactivity was detected with gold-conjugated species-specific
secondary antibodies (Ted Pella, Redding, CA or Nanoprobes, Stony
Brook, NY). In double-labeling experiments, different size colloidal gold
particles (5 and 15 nm) were used to differentiate between anti-VPNP
and anti-KOR1. Images were acquired using a JEOL (Tokyo, Japan) CX
electron microscope, digitized, processed, and printed on a Fuji Pictrog-
raphy 3000.

Quantification of KOR1 subcellular distribution and translocation. Nor-
mal Sprague Dawley rats (150–200 gm) were processed for immunogold
electron microscopy as described above. Fourteen meshes, randomly
selected from five grids (300 mesh grids, Ted Pella) that contained tissue
from the neural lobe of two rats, were used for quantification. If two or
more gold particles were associated with a given subcellular compart-
ment, it was counted as positive for KOR1-IR. Subcellular compartments
were defined as plasma membrane, large secretory vesicles, cytoplasm,

and small synaptic-like microvesicles. Data were pooled (each grid was
considered a group; n 5 5), the mean 6 SE was determined, and results
were expressed as percentage of total KOR1-IR.

To assess stimulus-dependent KOR1 translocation to the plasma mem-
brane, male Sprague Dawley rats (150–200 gm) received an intraperito-
neal injection of 2 ml/100 gm body weight 0.9 M NaCl (n 5 3) or sham
injection (n 5 3). In sham-injected control animals, the needle was
inserted without saline delivery. Animals were anesthetized and
perfusion-fixed (4% paraformaldehyde, 0.1% picric acid, and 0.05%
glutaraldehyde in phosphate buffer) 15 and 60 min after injection, and
tissue was processed for electron microscopy. Gold particles representing
KOR1-IR were counted as above, and subcellular compartments were
defined as plasma membrane, large secretory vesicles, cytoplasm, small
synaptic-like microvesicles, and other vesicles. Subcellular distribution of
KOR1-IR was determined from 464 nerve terminals. The subcellular
distribution of KOR1-IR was determined for each animal, and the mean
for each group (n 5 3 animals per group; groups defined as control and
salt-loaded) was calculated. Statistical significance was determined using
an unpaired Student’s t test ( p , 0.05).

RESULTS
Cellular and subcellular distribution of KOR1-
and VPNP-IR
The cellular and subcellular localization of KOR1 and VPNP was
determined in cell bodies, axons, and axon terminals of MNN in
rats. KOR1- and VPNP-IR were colocalized in a subset of cells
within the paraventricular and supraoptic nuclei in the hypothal-
amus (Fig. 1). Not all KOR1-IR neurons were VPNP-positive.
KOR1-IR neurons that were not VPNP-positive within these
nuclei may be oxytocin-positive. However, the histological rela-
tionship between KOR1 and oxytocin needs to be directly exam-
ined. Double-labeled sections also showed colocalization of
KOR1- and VPNP-IR in a subset of axons passing through the
internal layer of the median eminence (Fig. 2A,B) and within
axon terminals of the neural lobe (Fig. 2C,D). Higher magnifica-
tion of the internal layer of the median eminence revealed puncta
positive for both KOR1 and VPNP staining (Fig. 2B, arrows).
Individual axon terminals of the neural lobe also contained
KOR1- and VPNP-IR (Fig. 2D, arrows).

The subcellular distribution of KOR1-IR was examined using
electron microscopy to understand the relationship of KOR1-IR
to organelles and membranes of axon terminals in the neural
lobe. Immunogold labeling of ultrathin sections revealed that
KOR1-IR was only occasionally associated with the plasma mem-
brane of nerve terminals (Fig. 3E). KOR1-IR was most often
associated with the membrane of large secretory vesicles that are
typical of peptidergic terminals in the neural lobe (Boersma et al.,
1993) (Fig. 3A,C,D). In single-labeled serial sections, individual
terminals were identified that contained both KOR1- and VPNP-
IR. Moreover, individual vesicles that were positive for KOR1-IR
contained VPNP-IR within their lumen (Fig. 3A,B, arrows).
Colocalization of KOR1- and VPNP-IR in the same vesicle was
confirmed in double-labeled sections of the neural lobe (Fig. 3C).

Quantification of subcellular distribution and
receptor translocation
A quantitative analysis of single-labeled sections was performed
to determine the relative subcellular distribution of KOR1-IR
within terminals in the neural lobe. In normal untreated animals,
61.5% of KOR1-IR was associated with the membrane of large
secretory vesicles, whereas only 10.7% of KOR1-IR was associ-
ated with the plasma membrane (Fig. 4). In addition, KOR1-IR
was seen associated with the cytoplasm and other vesicles, includ-
ing small synaptic-like microvesicles, multivesicular bodies, and
other pleiomorphic vesicles.
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To assess whether KOR1 is inserted into the plasma membrane
during regulated exocytosis, rats were acutely salt-loaded. Acute
salt-loading has been shown to result in an increase in vasopressin
secretion (Shoji et al., 1994). Fifteen minutes after salt-loading by
intraperitoneal saline administration, there was a significant re-
duction of KOR1-IR associated with large secretory vesicles and
a significant increase in KOR1-IR associated with the plasma
membrane compared with sham-injected control animals (Fig. 5).
The amount of KOR1-IR associated with the plasma membrane
in salt-loaded animals was 178% of sham-injected control ani-
mals. There was no change in KOR1-IR in other subcellular
compartments, including cytoplasm, small synaptic-like mi-
crovesicles, and other nonclassified vesicles (data not shown). In
contrast, 60 min after saline injection, the subcellular distribution
of KOR1 was not significantly different from control animals (Fig.
5) in any subcellular compartment, including large secretory
vesicles and the plasma membrane.

DISCUSSION
Cellular and subcellular distribution of KOR1-IR
We have shown that the cloned k opioid receptor colocalizes with
VPNP in the cell bodies, axons, and axon terminals of MNN. In
addition, we have shown that KOR1- and VPNP-IR colocalize in
large secretory vesicles within the posterior pituitary. Finally, we

have demonstrated that the majority of KOR-IR is associated
with large secretory vesicles.

The cellular immunohistochemical distribution of KOR1 is in
agreement with other immunohistochemical and physiological
data. It has been shown previously that the cloned k opioid
receptor is found in MNN and in the posterior pituitary (Arvids-
son et al., 1995; Mansour et al., 1996). Physiological evidence that
k opioid receptor agonists cause an inhibition of vasopressin
release also suggests that k opioid receptors are found in
vasopressin-containing cell bodies (Rossi and Brooks, 1996) and
nerve terminals (Zhao et al., 1988; Rusin, 1997). This, however,
is the first histological demonstration of the colocalization of
KOR1 and VPNP within the same presynaptic vasopressin-
containing nerve terminals.

The subcellular distribution of KOR1 within the posterior lobe
of the pituitary is also consistent with ultrastructural analysis of
opioid receptors. First, KOR1-IR has been shown to be associ-
ated with large dense-core vesicles within the hippocampus
(Drake et al., 1996). Second, d opioid receptor immunoreactivity
has been shown to be associated with a variety of vesicles within
the spinal cord, including large-dense core vesicles (Cheng et al.,
1995; Zhang et al., 1998). Finally, Zhang et al. (1998) have shown
d opioid receptor immunoreactivity to be associated with newly
synthesized large dense-core vesicles in the vicinity of the Golgi

Figure 1. KOR1- and VPNP-IR colocalize in the cell bodies of hypothalamic MNN. Confocal micrographs of KOR1 (A, C) and VPNP (B, D)
double-labeled single sections. A, B, Single section of rat paraventricular nucleus double-labeled for KOR1-IR (A) and VPNP-IR (B). Examples of
KOR1 and VPNP colocalization within cell bodies are indicated by arrows. C, D, Single section of rat supraoptic nucleus double-labeled for KOR1-IR
(C) and VPNP-IR (D). Examples of KOR1 and VPNP colocalization within cell bodies are indicated by arrows. Scale bar: A–D, 100 mm.
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complex within dorsal root ganglia. In the present study, we show
that ;60% of KOR1-IR in the posterior pituitary is associated
with large secretory vesicles, suggesting that these receptors are
transported from the cell body to the axon terminals in peptide-
containing vesicles. Association of the k opioid receptor with
large secretory vesicles also suggests that it is transported in the
regulated pathway as opposed to the constitutive pathway.

Stimulus-dependent translocation
We have demonstrated that the insertion of presynaptic KOR1
into the plasma membrane of nerve terminals within the neural
lobe of the pituitary occurs during regulated exocytosis. This
stimulus-dependent translocation is analogous to the secretion of
a neuropeptide (Fig. 6). Neuropeptide secretion requires sus-
tained depolarization, resulting in an influx of calcium through
voltage-gated calcium channels. The rise in intracellular calcium
concentration initiates fusion of large secretory vesicles with the
plasma membrane, resulting in release of neuropeptides into the
extracellular space (Morgan, 1995; Lledo, 1997). In this model,
presynaptic receptors associated with the membrane of
neuropeptide-containing vesicles can be translocated to the
plasma membrane and gain access to the extracellular space only
after neuropeptide release.

It is unclear whether stimulus-dependent translocation of re-
ceptors is a common mechanism for insertion of presynaptic
receptors into the plasma membrane. However, several results
suggest that this mechanism does occur. First, recent ultrastruc-
tural immunocytochemical studies outlined above suggest that, at
least for presynaptic opioid receptors, this may be a common
mechanism. The presence of these receptors on large dense-core
vesicles strongly suggests that depolarization sufficient to cause
neuropeptide secretion can cause translocation of these receptors
to the plasma membrane.

Second, dopamine D1 receptors have been shown to be re-
cruited from the cytoplasm, presumably from an intracellular

vesicular compartment, to the plasma membrane within the renal
proximal tubule and the cell line LLCPK1, which mimics renal
proximal tubular cells (Brismar et al., 1998). In this study, D1
receptor agonists caused an increase of D1 receptor on the
plasma membrane, presumably by initiating a calcium-dependent
intracellular signaling event that caused translocation of the re-
ceptors to the plasma membrane. This study showed that a
G-protein-coupled receptor can translocate to the plasma mem-
brane and supports our result that this mechanism can occur in
presynaptic nerve terminals. In addition, other integral mem-
brane proteins, such as various transporters (James et al., 1994;
Quick et al., 1997), have also been shown to be translocated from
an intracellular compartment to the plasma membrane in re-
sponse to appropriate stimuli.

Third, observations made by Laduron (1984) lend support to
the idea that some presynaptic receptors are transported to the
plasma membrane via the regulated pathway. This study exam-
ined the rates of anterograde and retrograde transport of presyn-
aptic receptors. It was concluded that presynaptic muscarinic
receptors in noradrenergic neurons are associated with small
synaptic vesicles, possibly those containing noradrenaline and
dopamine-b-hydroxylase. However, because the vesicles were an-
alyzed indirectly from a density gradient, it is possible that the
vesicles containing muscarinic receptors are a distinct population
and are merely segregated with those containing noradrenaline
and dopamine-b-hydroxylase.

Finally, most pertinent to the present study is the recent dem-
onstration in various cell lines that N-type voltage-gated calcium
channels reside in the membrane of large dense-core vesicles and
that their translocation to the plasma membrane is stimulus-
dependent (Passafaro et al., 1996, 1998). Using subcellular frac-
tionation and density gradient isolation, these studies showed that
N-type calcium channels were localized to the peptide-
containing, large dense-core vesicle fraction. In addition, they

Figure 2. A large portion of KOR1- and
VPNP-IR colocalize in the same struc-
tures in the axons of the median emi-
nence and nerve terminals within the
neural lobe of the pituitary. Confocal mi-
crographs of KOR1-IR (red) and
VPNP-IR ( green) in double-labeled sin-
gle sections of rat median eminence (A,
B) and posterior pituitary (C, D). In-
stances of colocalization are indicated by
yellow (and arrows), created by the digital
merging of red (KOR-IR) and green
(VPNP-IR). A, Low-magnification im-
age of median eminence showing colo-
calization of KOR1- and VPNP-IR
within the internal layer of the median
eminence and scattered fibers in the ex-
ternal layer. B, High-magnification image
showing colocalization of KOR1- and
VPNP-IR in discrete puncta in a subset
of fibers within the internal layer of the
median eminence. C, Low-magnification
image of nerve terminals within the neu-
ral lobe that are positive for both KOR1-
and VPNP-IR. D, High-magnification
image showing that KOR1- and
VPNP-IR are colocalized within a sub-
population of the nerve terminals. Scale
bars: (in C) A, C, 50 mm; (in D) B, D, 30
mm. III, Third ventricle; IL, intermediate
lobe of the pituitary.

Shuster et al. • Stimulus-Dependent Opioid Receptor Translocation J. Neurosci., April 1, 1999, 19(7):2658–2664 2661



showed that stimulation, which induced release of peptides seg-
regated to the regulated secretory pathway, also caused insertion
of calcium channels into the plasma membrane. Moreover, they
demonstrated that this was a calcium-dependent event.

In addition to stimulus-dependent insertion in the plasma
membrane, we have also demonstrated that this increase in
KOR1-IR on the plasma membrane is transient. The distribution
of KOR1-IR 60 min after acute salt-loading was not different
from control. KOR1 was presumably removed from the plasma
membrane within 60 min of an initial stimulus-dependent inser-
tion. Although ligand-mediated endocytosis has been demon-
strated for both the m and d opioid receptors (Sternini et al., 1996;
Trapaidze et al., 1996; Gaudriault et al., 1997), as well as other
G-protein-coupled receptors, the mechanism responsible for en-
docytosis of presynaptic KOR1 has not been characterized (Chu
et al., 1997). Both the stimulus-dependent insertion and subse-
quent removal of presynaptic KOR1 from the plasma membrane
suggest that its availability for ligand binding is under precise
temporal regulation.

Functional Implications
k opioid agonists have been shown to decrease calcium conduc-
tance in the neural lobe and thereby inhibit transmitter release

Figure 4. Subcellular distribution of KOR1 in the nerve terminals of rat
posterior pituitary. The graph shows the summary of the quantification of
immunogold particles representing KOR1-IR, expressed as percentage of
total KOR1-IR. Subcellular compartments were defined as large secretory
vesicles (LSV ), plasma membrane (PM ), cytoplasm (CYTO), and
synaptic-like microvesicles (SLMV ). Large secretory vesicles, 62.5 6
1.8%; plasma membrane, 10.8 6 1.2%; cytoplasm, 17 6 2.1%; synaptic-
like microvesicles, 10.7 6 1.8%. Error bars indicate 6SEM.

Figure 3. KOR1-IR is associated with
the membrane of large secretory vesicles
containing VPNP-IR. Transmission
electron microscopy micrographs of
postembedding–immunogold staining
for KOR1 (15 nm gold) and VPNP (5
nm gold) within the neural lobe. Serial
sections single-labeled with anti-KOR1
(A) and anti-VPNP (B). The same ves-
icle (small arrows) is labeled with
KOR1- and VPNP-IR in both sections
(A, B). C, Single section double-labeled
with anti-KOR1 (15 nm) and anti-
VPNP (5 nm) also showing KOR1- and
VPNP-IR colocalized in the same large
secretory vesicle (large arrow). Single-
labeled sections showing KOR1-IR on
the membrane of a large secretory vesi-
cle ( D) and the plasma membrane ( E).
Scale bars: (in B) A, B, 250 nm; C, 100
nm; (in E) D, E, 100 nm.
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(Rusin et al., 1997). Vasopressin-containing neurosecretory neu-
rons are known to produce and corelease other neuropeptides,
including dynorphin (Watson et al., 1982; Meister et al., 1990),
the endogenous opioid that binds with the highest affinity to
KOR1. Our results suggest that dynorphin would have access to
a greater number of KOR1 receptors after an initial depolariza-
tion. Stimulus-dependent translocation of KOR1 to the plasma
membrane may result in an increased probability of dynorphin
binding to KOR1. Increased dynorphin binding would result in a
reduction of subsequent neuropeptide release.

Vasopressin and dynorphin have been shown to coexist within
the same secretory vesicle (Whitnall et al., 1983). Our study does

not address whether the vesicles that contain both vasopressin and
KOR1 also contain dynorphin. Even if dynorphin were present in
large secretory vesicles containing KOR1, receptor–ligand inter-
action would probably not occur within the vesicle. The binding
site of KOR1 would be facing dynorphin in the lumen of the
vesicle, but both the low pH and the condensation of peptides
within the vesicle would not allow receptor–ligand interaction.
We believe that the receptor is being transported and stored in
the vesicle and that, although it is associated with the vesicle
membrane, it does not modulate cellular activity. Moreover, it is
unclear whether the receptor, once inserted into the plasma
membrane, is immediately available for ligand binding and signal
transduction or whether KOR1 first requires modification, such as
conformational changes or coupling to G-proteins, to interact
with ligands.

Receptor function is controlled by a variety of mechanisms.
Stimulus-dependent translocation of presynaptic receptors from
their site of storage to the plasma membrane may serve as another
regulatory mechanism of presynaptic function. The present re-
sults indicate that regulated exocytosis not only delivers secreted
peptides and proteins to the extracellular space but can also bring
to the plasma membrane the receptors necessary to modulate
further neuropeptide release.
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vesicles, 42.1 6 1.0%; plasma membrane, 25.2 6 2.2%; 60 min stimula-
tion: large secretory vesicles, 56.0 6 0.7%; plasma membrane, 12.8 6
0.2%. *p , 0.05. Error bars indicate 6SEM.

Figure 6. Schematic illustration showing translocation of presynaptic
KOR1 from its transport vesicle to the plasma membrane. In the nerve
terminals of the neural lobe, KOR1 appears to be transported in vesicles
containing vasopressin (VP). Conditions that cause depolarization and
release of neurohormone appear to cause KOR1 to be inserted into the
plasma membrane, giving the receptor access to its ligand to transduce a
signal across the plasma membrane.
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