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m-Opioid receptors and their endogenous ligands, including Leu5-
enkephalin (LE), are distributed abundantly in the nucleus accum-
bens (NAC), a region implicated in mechanisms of opiate rein-
forcement. We used immunoperoxidase and/or immunogold–
silver methods to define ultrastructural sites for functions ascribed
to m-opioid receptors and potential sites for activation by LE in the
NAC. An antipeptide antibody raised against an 18 amino acid
sequence of the cloned m-opioid receptor (MOR) C terminus
showed that MOR-like immunoreactivity (MOR-LI) was localized
predominantly to extrasynaptic sites along neuronal plasmamem-
branes. The majority of neuronal profiles containing MOR-LI were
dendrites and dendritic spines. The dendritic plasma membranes
immunolabeled for MOR were near sites of synaptic input from
LE-labeled terminals and other unlabeled terminals forming either
inhibitory or excitatory type synapses. Unmyelinated axons and
axon terminals were also intensely but less frequently immunore-

active for MOR. Observed sites for potential axonal associations
with LE included coexistence of MOR and LE within the same
terminal, as well as close appositions between differentially la-
beled axons. Astrocytic processes rarely contained detectable
MOR-LI, but also were sometimes observed in apposition to
LE-labeled terminals. We conclude that in the rat NAC, MOR is
localized prominently to extrasynaptic neuronal and more rarely to
glial plasmamembranes that are readily accessible to released LE
and possibly other opioid peptides and opiate drugs. The close
affiliation of MOR with spines receiving excitatory synapses and
dendrites receiving inhibitory synapses provides the first direct
morphological evidence that MOR selectively modulates postsyn-
aptic responses to cortical and other afferents.
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The nucleus accumbens (NAC) is thought to be a key site for
behaviorally rewarding effects of m-opioid receptor agonists
(Koob and Bloom, 1988; Negus and Dykstra, 1989; Wise, 1989;
Koob, 1992). Rats will self-administer morphine-like opiates di-
rectly into the NAC (Goeders et al., 1984; West and Wise, 1988).
Rates of self-administration are enhanced when selective opioid
receptor blockers are coadministered (Koob et al., 1984; Vac-
carino et al., 1985). These results are consistent with mediation of
opiate reinforcement by opioid receptors in the NAC. Negus et al.
(1993) also showed that stimulation or antagonism of m-opioid
receptors produces dose-dependent changes in systemic heroin
administration, consistent with effects at this receptor.
Electrophysiology has shown that opiates and opioid peptides

can reduce excitability of NAC neurons through actions at
m-opioid receptors (McCarthy et al., 1977; Hakan and Henriksen,
1987). Furthermore, pre- and postsynaptic effects of m-opioid
receptor stimulation (Hori et al., 1992; Capogna et al., 1993;
Siggins et al., 1995) provide mechanisms for m-opioid receptor
modulation of synaptic transmission (Yuan et al., 1992). Conceiv-
ably, attenuation of synaptic transmission could be attributed to

m-opioid receptor-mediated changes in conductance through
G-proteins and/or ion channels found in other neuronal popula-
tions (Jiang and North, 1992; Chieng and Christie, 1994).
The behavioral and pharmacological evidence for involvement

of the NAC in opiate reward is consistent with anatomical local-
ization of m-opioid receptors in this region. A heterogenous
distribution of m-opioid receptors in the NAC has been shown
using autoradiographic localization of selective radioligands
(McLean et al., 1986; Mansour et al., 1987; Tempel and Zukin,
1987). Additionally, NAC neurons express mRNA for m-opioid
receptors as seen by in situ hybridization methods (Chen et al.,
1993; Delfs et al., 1994; Zastawny et al., 1994; Mansour et al.,
1995a). More recently, light microscopic immunocytochemistry
has further confirmed the localization of this receptor in the NAC
(Arvidsson et al., 1995; Mansour et al., 1995b). Similar regional
compartmentalization is seen using immunocytochemical labeling
for Leu5-enkephalin (LE) (Meredith et al., 1993), an endogenous
ligand for both m- and d-opioid receptors (Simantov et al., 1977;
Hughes et al., 1980).
Despite evidence for functional involvement of m-opioid recep-

tors in reward mechanisms and the known light microscopic
distributions of m-opioid receptors and LE in the NAC, the
ultrastructural sites for receptor-mediated functions have not
been established. Thus, to address this question we examined the
electron microscopic immunocytochemical labeling of an antipep-
tide antibody against the cloned m-opioid receptor (MOR) within
the rat NAC. With use of either immunogold–silver or immuno-
peroxidase methods, we showed MOR-like immunoreactivity
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(MOR-LI) localized mainly along extrasynaptic plasma mem-
branes of dendrites but also in axons and astrocytic processes.
Additionally, we examined whether there was a cellular substrate
for the postulated functional interactions, including MOR and
LE. Using dual-labeling methods, we showed that MOR-labeled
dendrites were postsynaptic to LE and other unlabeled terminals
forming excitatory and inhibitory synapses. These results establish
that in the NAC, activation of MOR mainly at postsynaptic but
also presynaptic sites may contribute to the rewarding properties
of opiates and endogenous enkephalins.

MATERIALS AND METHODS
Antisera. A rabbit polyclonal antiserum was raised against an 18 amino
acid sequence (amino acids 381–398) of the MOR C terminus. The
antiserum was characterized previously using MOR-enriched transfected
COS cells and Western immunoblots (Surratt et al., 1994). The specificity
of the antibody was tested by (1) labeling of tissue and transfected cells
with preimmune serum, (2) omission of secondary antibodies, and (3)
preincubation of the primary antibody with the C-terminal peptide or a
random peptide of the same length. The results of Surratt et al. (1994)
showed no observable labeling when the primary antiserum was elimi-
nated and that preadsorption with the appropriate peptide yielded no
labeling of brain tissue or transfected cells. Additionally, adsorption
controls at the electron microscopic level showed greatly reduced immu-
nolabeling for MOR in tissue processed for either immunogold–silver or
immunoperoxidase. The specificity of the MOR antiserum does not
preclude the possibility of cross-reactivity with other C-terminal variants
of the receptor (Rossi et al., 1995). It should be noted that the antiserum
may not recognize every isoform of m-opioid receptor in all configura-
tions. Thus, MOR is an abbreviation for the cloned m-opioid receptor
sequence within one subtype of m-opioid receptor.
For dual-labeling studies, we used a commercially available mouse

monoclonal antiserum directed against LE (Sera-Lab, Sussex UK). This
antibody primarily recognizes LE and cross-reacts with Met5-enkephalin.
Limited cross-reactivity was seen with dynorphin, and none was seen with
b-endorphin (Milner et al., 1989). Adsorption controls showed that LE
immunolabeling was eliminated by incubation with the antigenic peptide.
Tissue preparation. The methods for tissue preparation and immuno-

labeling were based on those described previously by Leranth and Pickel
(1989). Seven adult (250–350 gm) male Sprague–Dawley rats (Hilltop
Lab Animals, Scottsdale, PA) were anesthetized with sodium pentobar-
bital (100 mg/kg, i.p.). They were then perfused through the ascending
aorta with 40 ml of heparin (1000 U/ml in 0.15 M NaCl), 50 ml of acrolein
(3.75%) (Polyscience, Niles, IL), and 200 ml of paraformaldehyde (2%)
in 0.1 M phosphate buffer (PB), pH 7.4. The brains were removed and
postfixed for 30 min in 2% paraformaldehyde. Sections through the NAC
were cut on a vibratome at a thickness of 30–40 mm, incubated for 30 min
in a solution of 1% sodium borohydride in PB to remove active alde-
hydes, and rinsed in PB until bubbles from the tissue dissipated. To
enhance antibody penetration, tissue sections were then cryoprotected
for 15 min in a solution of 25% sucrose and 3.5% glycerol in 0.05 M PB,
frozen rapidly in liquid freon followed by liquid nitrogen, and thawed in
PB. Tissue sections were then rinsed in 0.1 M PB followed by 0.1 M
Tris-buffered saline (TBS), pH 7.6. Sections were then incubated for 30
min in 1% bovine serum albumin (BSA) in TBS to minimize nonspecific
labeling and processed for single- or dual-labeling.
Immunocytochemistry. All incubations were carried out at room temper-

ature with agitation and were followed by several successive washes with PB,
TBS, and PBS. The tissue sections were incubated for 48 hr at 48C in one of
the following primary antibody solutions, all of which contained 0.1% BSA
in TBS: (1) MOR (1:15,000) for single-labeling with immunoperoxidase; (2)
MOR (1:10,000) for single-labeling with immunogold–silver; or (3) MOR
(1:10,000) with immunogold–silver and LE (1:100) with immunoperoxidase
for dual-labeling studies. For adsorption controls, the primary MOR anti-
body (both the 1:15,000 and the 1:10,000 dilutions) was incubated in adjacent
tissue sections from the NAC with the parent peptide (10 mg/ml). In other
adjacent tissue sections from the NAC, the primary antibody for LE was
incubated with 50 mg/ml peptide.
For immunoperoxidase labeling, the MOR or LE antibodies were

visualized using the avidin-biotin complex (ABC) method (Hsu et al.,
1981). Tissue sections were incubated for (1) 30 min in a 1:400 dilution of
biotinylated goat anti-rabbit (for MOR) (Amersham, Arlington Heights,
IL) or horse anti-mouse (for LE) (Vector Labs, Burlingame, CA) IgG in

0.1% BSA, (2) 30 min in a 1:100 dilution of peroxidase-avidin complex,
and (3) 6 min in a solution of 22 mg of 393-diaminobenzidine (DAB) and
10 ml of 30% H2O2 in 100 ml of 0.1 M TBS.
For immunogold–silver labeling, the method of Chan et al. (1990) was

used to identify the MOR antibody. Tissue sections were (1) incubated
for 2 hr in colloidal gold-labeled (1 nm) anti-rabbit IgG (1:50), (2) fixed
for 10 min in 2% glutaraldehyde in PBS, and (3) reacted for 4–8 min with
a silver solution intenSE kit (Amersham). For dual-labeling, the immu-
noperoxidase reaction for LE was followed by immunogold–silver detec-
tion for MOR.
Light and electron microscopy. Sections prepared for light microcopy

were rinsed several times in PB, mounted on glass slides, and dried
overnight in a desiccator. They were then dehydrated, coverslipped, and
examined using a Nikon microscope equipped with differential interfer-
ence contrast optics.
Sections prepared for electron microscopy were fixed for 60 min in 2%

osmium tetroxide, dehydrated in a series of graded alcohols and pro-
pylene oxide, and flat-embedded in Epon 812 between two pieces of Aclar
plastic. Ultrathin sections (40–50 nm) were cut with a diamond knife
(Diatome U.S., Fort Washington, PA) through the NAC at level 12 of
Paxinos and Watson (1986) and collected from the outer surface of the
plastic-embedded tissue onto copper mesh grids using an LKB ultrami-
crotome. These sections were then counterstained with lead citrate
(Reynolds, 1963) and uranyl acetate and examined with a Philips 201
electron microscope.
Identification of cellular elements. The classification of identified cellu-

lar elements was based on descriptions in Peters et al. (1991). Dendrites
were identified by the presence of postsynaptic densities and/or the
abundance of smooth endoplasmic reticulum. Axons and axon terminals
were identified by the presence of small clear synaptic vesicles. Synapses
were characterized as either asymmetric (thick postsynaptic densities) or
symmetric (thin postsynaptic densities). Nonsynaptic contacts or apposi-
tions were defined as close membranous associations that lacked recog-
nizable specializations, but were otherwise not separated by astrocytic
processes. Astrocytic processes were defined by their irregular contour
and vacuous cytoplasm and the occasional presence of microfilaments.
Ultrastructural analysis. An analysis of the ultrastructural distribution of

MOR-LI was carried out to ascertain (1) the prevalence of MOR-LI in
association with specific cellular structures and (2) the relationship be-
tween MOR and LE-labeled profiles. The prevalence of different profile
types (i.e., dendrites vs axons, etc.) containing MOR-LI was expressed as
a percentage of all MOR-labeled elements. These MOR-labeled profiles
were assessed from three to five vibratome sections from each of seven
animals. Animals processed for immunogold–silver detection of MOR
(n 5 4) were used to examine the relative number of gold–silver particles
in association with either the plasma membrane or the cytoplasm. As-
sessment of the immunogold distribution of MOR-LI was based on 710
gold–silver particles within 143 dendrites and 200 gold–silver particles
within 68 axons and axon terminals. In dually labeled tissue sections, the
cellular relationship between MOR- and LE-labeled profiles was assessed
for all contacts/colocalizations between respectively immunoreactive
profiles.

RESULTS
MOR and LE immunoreactivities showed a heterogenous, re-
gional distribution within the NAC (Fig. 1). The light microscopic
distribution of MOR-LI was similar to the known distributions of
the receptor on the basis of receptor autoradiographic (Mansour
et al., 1987; Tempel and Zukin, 1987), in situ hybridization (Man-
sour et al., 1995a) and immunocytochemistry of antipeptide anti-
bodies raised against similar sequences taken from the same
portion of the receptor (Arvidsson et al., 1995; Mansour et al.,
1995b). The technique described here produced less intense neu-
ronal perikarya immunoreactivity than that found with the same
MOR serum using the conditions of A. Moriwaki and G. Uhl
(unpublished observations). The most intensely labeled zones for
both the receptor and the peptide were found in the rostral NAC,
although more caudal sections still displayed abundant immuno-
reactivity. Thus, rostral regions were chosen for ultrastructural
analysis. Areas containing either MOR (Fig. 1A) or LE (Fig. 1B)
immunoreactivity were characterized by a punctate labeling pat-
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tern. It should be noted that LE represents one of the putative
endogenous ligands for MOR, and the NAC is enriched in other
opioid peptides.

Antibody specificity
As immunocytochemical controls, adsorption of the MOR anti-
body with the corresponding peptide selectively removed both the
peroxidase reaction product and the immunogold–silver labeling
for MOR and the peroxidase reaction product for LE. At a
dilution of 1:15,000 (peroxidase) or 1:10,000 (immunogold–silver)
of primary antiserum, MOR-LI produced dense immunolabeling
for both methods (Fig. 2A,C). At a dilution of 1:100 of the
primary antibody for LE, intense reaction product was detected
(Fig. 2E). Preadsorption of the MOR immune serum with 10
mg/ml of the corresponding MOR peptide greatly reduced the
intensity of the peroxidase reaction product (Fig. 2D) and the
number of immunogold–silver particles (Fig. 2B). Similarly,
preadsorption of the LE antibody with 50 mg/ml of the parent
peptide resulted in a marked reduction of immunolabeling
(Fig. 2F).

Localization of MOR-LI in dendrites and its
relationship to unlabeled and LE-labeled terminals
Of 135 MOR-labeled profiles, 64% were dendrites and/or den-
dritic spines (n 5 3–5 tissue sections and n 5 7 animals). In these
dendrites, immunoperoxidase as well as immunogold–silver local-
ization of MOR-LI seemed to be associated mainly with plasma
membranes (Fig. 3). More diffuse labeling also was seen within
the cytoplasm near the immunoreactive plasma membranes when
the peroxidase method was used. Assessment of the number of
immunogold–silver particles identifying MOR-LI revealed a
higher number of immunogold–silver particles in contact with the
plasma membrane in dendrites, as compared with the number of
particles not in contact with the plasma membrane (Fig. 4);
however, immunogold–silver particles identifying MOR-LI were
also occasionally contained within the cytoplasm of dendrites and
dendritic spines. In many cases, these particles were not associ-

ated with identifiable organelles. When detected, labeled or-
ganelles were often identified as smooth endoplasmic reticulum.
MOR-LI appeared to be localized preferentially to nonsynaptic

sites near unlabeled terminals that often formed either symmetric
synapses with dendrites (Fig. 3A,B) or asymmetric synapses with
dendritic spines (Fig. 3C,D). Postsynaptic membrane specializa-
tions at asymmetric synapses sometimes seemed to accumulate
peroxidase reaction product for MOR (Fig. 3C) but were not
labeled with immunogold detection (Fig. 3D). Terminals forming
either symmetric or asymmetric junctions generally contained
loosely packed round or slightly pleomorphic vesicles. More
rarely, large dense-core vesicles were seen, usually in terminals
forming symmetric synapses. In one favorable section, a dendrite
and a spine both labeled for MOR received synaptic contacts from
a single unlabeled terminal (Fig. 3B).
The prominent dendritic localization of MOR-LI was also ev-

ident in sections dually labeled for MOR and LE (Fig. 5). In a
sample of 100 direct contacts or colocalizations between MOR-
and LE-immunoreactive profiles, 87% constituted appositions
between LE-labeled terminals and MOR-labeled dendrites. Ax-
onal LE-immunoreactive dense-core vesicles were most often
localized distal to the appositions with MOR-labeled dendrites
(Fig. 5B). LE-labeled terminals apposed to dendrites containing
MOR-LI lacked recognizable synaptic specializations or more
rarely showed a symmetric (Fig. 5C) synapse within the sampled
sections. The peroxidase labeling for LE in the terminals either
surrounded small clear vesicles (Fig. 5A,C) or had a more re-
stricted localization in large dense-core vesicles (Fig. 5B).
MOR-labeled dendrites that contacted LE-reactive terminals

were characterized by a comparatively low density of gold–silver
particles along portions of their plasma membrane in direct con-
tact with the terminal (Fig. 5A,B). In contrast, the plasma mem-
branes of spines of these dendrites were intensely immunogold-
labeled (Fig. 5A). The spine heads were recipients of unlabeled
terminals forming asymmetric excitatory-type synapses. Gold–
silver particles for MOR were also aligned along portions of the

Figure 1. Photomicrographs of MOR (A) and LE (B) show zones (arrows) of the most intense MOR and LE immunoperoxidase labeling in the NAC.
Both the receptor and the peptide show a heterogenous distribution of immunoreactivity within this region. ac, Anterior commissure; d, dorsal;m, medial.
Scale bar, 50 mm.
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Figure 2. Electron micrographs showing adsorption controls for MOR and LE in adjacent tissue sections from the NAC. A and C show tissue sections
processed for immunogold and immunoperoxidase detection of the MOR antibody, respectively. B andD show similarly prepared tissue sections that were
immunolabeled using the MOR antibody preadsorbed with the MOR peptide. E shows immunoperoxidase labeling for LE; F illustrates the absence of
peroxidase reaction product in adjacent tissue sections, where the LE antibody was incubated with the LE peptide. In A, immunogold particles (small
arrows) for MOR are associated with the plasma membrane of two dendrites (MRd1,2) and an emergent spine head (s) in tissue immunolabeled for MOR.
B shows one gold particle (small arrow) that was contained within the cytoplasm of a dendrite in tissue preadsorbed with the MOR peptide. In the same
field, a dendritic spine that lacks detectable MOR-LI (us) is apposed to an unlabeled terminal (ut). C shows tissue prepared for MOR immunolabeling,
where the peroxidase reaction product for MOR is associated with two dendritic spines (MRs1,2). The most intense labeling is seen at nonsynaptic regions
of the plasma membrane (small arrows). MOR-LI is also seen along specific portions of the membrane of a glial process (asterisks) and in association with
vesicles of a small axon (MRa). In D, dendritic spines (us1,2) lack detectable peroxidase reaction product for MOR in tissue sections preadsorbed with
the MOR peptide. Although the nonsynaptic region (small arrows) is devoid of detectable MOR-LI, the synaptic contacts (open arrows) between us1,2 and
two unlabeled terminals (ut) appear similarly electron-lucent to those in C. Additionally, a glial process (asterisks) and small axons (ua) are devoid of
immunolabeling for MOR. E shows tissue prepared for LE labeling, where the most intense peroxidase reaction product is in association with axon
terminals (Et1,2). Et1 is apposed to an unlabeled spine (us), whereas Et2 is apposed to unlabeled dendrites (ud1,2). F illustrates a lack of detectable LE
immunoreactivity in tissue that has been preadsorbed with the LE peptide. Scale bars, 0.4 mm.
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Figure 3. Electron micrographs showing the nonsynaptic localization of MOR-LI in small dendrites and spines. The dendrites (MRd) in A and B are
labeled using immunoperoxidase and immunogold–silver, respectively, for detection of MOR-LI. The labeling is largely restricted to nonsynaptic sites in
contact with unlabeled terminals (ut and ut1, respectively). The unlabeled terminal (ut1) in B is also presynaptic to a small spine (MRs) that has one gold
particle (arrow), which is near the plasma membrane. The synaptic contacts (open arrows) are both symmetric. No gold–silver particles are seen along
portions of the dendrite near ut2. In C and D, immunoperoxidase and immunogold–silver labeling, respectively, for MOR show mainly extrasynaptic
localization of MOR-LI (small arrows) along the plasma membrane of dendritic spines. The spines containing MOR-LI are postsynaptic to unlabeled
terminals (ut in C; ut1 in D); however, in C the asymmetric synaptic junction (large arrow) appears immunolabeled only with the peroxidase method. The
asymmetric junction (open arrow) in D is not contacted by gold–silver particles. In D, a second unlabeled terminal (ut2) is apposed to an unlabeled spine
(us). Scale bars, 0.25 mm.

4166 J. Neurosci., July 1, 1996, 16(13):4162–4173 Svingos et al. • Extrasynaptic Localization of m-Opioid Receptors



plasma membrane in close proximity to other unlabeled terminals
with more clearly defined synaptic junctions (Fig. 5C).

Localization of MOR-LI to axons and axon terminals
and their relation to LE
A smaller although substantial number of unmyelinated axons and
axon terminals contained MOR-LI (Fig. 6). Twenty-seven percent
of 135 sampled MOR-labeled profiles were axons or axon termi-
nals. In these axons, the most intense peroxidase labeling (Fig.
6A) and the majority of gold–silver particles for MOR seemed to
be associated with the plasma membrane (Fig. 6B,C). Examina-
tion of the distribution of immunogold particles revealed a trend
toward a greater number of gold particles in contact with the
plasma membrane (Fig. 4); however, the differential in the distri-
bution of particles that contacted axonal plasma membranes ver-
sus those that did not was not as marked as that seen in dendrites.
This trend may be attributed to the relatively smaller sample size
of MOR-labeled axons and axon terminals versus dendrites.
MOR-LI that was contained within the axonal cytoplasm was
associated with saccules of smooth endoplasmic reticulum that
were intensely labeled with both peroxidase and immunogold
(Fig. 6A,B). Small synaptic vesicles, especially those near the
plasma membrane, were also intensely labeled with immunoper-
oxidase, and other vesicles often were labeled more lightly.
In sections dually labeled for MOR and LE, a small number of

axons were found to express both immunoreactivities (Fig. 6C),
whereas other MOR-immunoreactive terminals were apposed to
LE-labeled axons (Fig. 6D). Of 100 sampled profiles showing
associations between MOR and LE, 4% colocalized the markers
in axons and 3% showed MOR- and LE-labeling in separate
apposing axons and/or axon terminals. In axons where the two
antigens were colocalized, gold–silver particles identifying MOR
generally were localized to the plasma membrane, whereas per-
oxidase reaction product for LE was distributed more diffusely
throughout the axons. Apposing labeled axons showed a similar
immunolabeling pattern. Gold–silver particles for MOR generally

were aligned along the axonal plasma membrane, and the perox-
idase reaction product for LE was diffusely distributed. The ap-
posed membranes usually were closely spaced but showed no
obvious synaptic specializations.

Astrocytic localization of MOR-LI and its relation
to LE-labeling
MOR-LI rarely was localized to non-neuronal sites. Nine percent
of profiles containing MOR-LI (n 5 135) had morphological
features of astrocytic processes (Fig. 7), as defined by Peters et al.
(1991). Peroxidase (Fig. 7A) and immunogold–silver (Fig. 7B)
labeling showed MOR-LI localized to discrete portions of astro-
cytic processes. Labeled astrocytic plasma membranes often ap-
posed unlabeled terminals in sections processed for single MOR-
labeling (Fig. 7A). In dually labeled tissue, astrocytic processes
labeled for MOR were seen infrequently in close apposition to
LE-labeled terminals (Fig. 7B). It also was uncommon to observe
immunogold particles for MOR in association with astrocytic
organelles such as saccules of smooth endoplasmic reticulum or
mitochondria (Fig. 7B).

DISCUSSION
The results of the present study provide the first ultrastructural
evidence that in the rat NAC, MOR is localized most prominently
to extrasynaptic sites along plasma membranes of dendrites.
These dendrites received input from LE-immunoreactive and
nonimmunoreactive terminals. These results indicate that the
reinforcing properties of opiates active at MOR in the NAC may
be attributed largely to changes in the receptivity of target neu-
rons to opioid peptide and other excitatory and inhibitory inputs.
Our results also demonstrate sites, although less numerous, along
axonal and glial plasma membranes where opiates may alter the
presynaptic release of transmitters or astrocytic function, respec-
tively. Thus, although our results strongly support the role of
MOR in modulating the postsynaptic responses to other trans-

Figure 4. Bar graphs showing the sub-
cellular distribution of immunogold–sil-
ver particles identifying MOR-LI in
dendrites (n 5 143) and axons or axon
terminals (n 5 68) in the NAC. This
graph illustrates the distribution of im-
munogold–silver particles for MOR in
contact with (shaded bar) versus not in
contact with (white bar) the plasma
membrane. From 710 dendritic gold
particles, 513 contacted the plasma
membrane, and 197 were contained
within the cytoplasm. From 200 axonal
gold–silver particles for MOR, 122 con-
tacted the plasma membrane and 78
were associated with the cytoplasm.
MOR-LI was identified from three to
five vibratome sections that were col-
lected from four animals.
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Figure 5. Electron micrographs in A–C show dendrites containing immunogold-labeling for MOR (MRd) that are apposed to terminals containing
peroxidase labeling for LE (Et). The dendrite labeled for MOR-LI in A has one gold–silver particle (top, small arrow) opposite Et, whereas the majority
of particles (small arrows) are located along the plasmalemma of the head and neck of the spine (s) emerging fromMRd. This spine receives an asymmetric
synapse (open arrow) from an unlabeled terminal (ut). Each of the gold particles in the nearby dendrite and spine are also in contact with plasma
membranes. B shows immunogold–silver labeling for MOR associated with both the plasma membrane and cytoplasmic organelles (small arrows) within
a dendrite (MRd). MRd is apposed to a terminal showing immunoperoxidase label for LE (Et). In this terminal, the peroxidase is intensely localized to
a large vesicle (lv). MRd also receives a symmetric synapse (open arrow) from an unlabeled terminal (ut). In C, a longitudinally sectioned dendrite (MRd)
shows gold–silver immunolabeling for MOR (small arrows) localized along the plasma membrane, distal to Et. MRd is also postsynaptic to an unlabeled
terminal (ut1) where the synaptic specialization (open arrow) appears asymmetric. The peroxidase-labeled Et can be compared with a second unlabeled
terminal (ut2) in the same field. Scale bars, 0.3 mm.
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Figure 6. Electron micrographs showing axonal localization of MOR-LI in relation to unlabeled and LE-labeled terminals. In A (immunoperox-
idase) and B (immunogold–silver), single-labeling for MOR is seen primarily along the plasma membrane (small arrows) of axon terminals (MRt),
apposed to unlabeled axon terminals (ut1,2 in A or ut in B). Membranes of small clear vesicles (scv) in MRt of A are lightly labeled, whereas in ut2,
small clear vesicles lack MOR-immunoreactivity (USCV). In contrast, the plasma membrane (small arrow) and a saccule of smooth endoplasmic
reticulum (ser) in a nearby axon are both intensely immunoreactive. In C and D, respectively, gold–silver labeling for MOR is seen in axon terminals
(MRt), which either contain peroxidase reaction product for LE (E) or are apposed to an LE-immunoperoxidase labeled terminal (Et). Both axon
terminals show MOR gold–silver particles (small arrows) on or near the plasma membrane. The MRt in C is apposed to several small unlabeled
axons (ua) and an unlabeled dendrite (ud). In a nearby small unmyelinated axon (MRa), gold–silver MOR-LI is also seen. Scale bars, 0.2 mm.

Svingos et al. • Extrasynaptic Localization of m-Opioid Receptors J. Neurosci., July 1, 1996, 16(13):4162–4173 4169



mitters in the NAC, they also indicate more diverse functions that
are of potential importance for opiate reward.

Methodological considerations
The term MOR-LI was used to describe the localization of the
antibody used in this study to include the possibility that
the antiserum may recognize structurally similar proteins. On the
basis of several lines of evidence, however, including adsorption
controls at the electron microscopic level, we believe that the
antibody specifically recognizes MOR (see Materials and Meth-
ods) (Surratt et al., 1994). In addition, recent studies by Kaneko et
al. (1995), Mansour et al. (1995b), Arvidsson et al. (1995), and A.
Moriwaki and G. Uhl (unpublished observations) used antibodies
raised against similar sequences taken from the same portion of
the receptor. They have shown that the light microscopic distri-
bution of MOR-LI in the rat caudate-putamen, NAC, and spinal
cord is similar to what we have observed. Our localization of
MOR-LI is also in accordance with preliminary electron micro-
scopic findings in the NAC (Svingos et al., 1995b) and dorsal horn
of the spinal cord (Cheng et al., 1995).
Dual-labeling techniques may cause interference between two

antigens or underestimate the number of labeled processes. The
latter problem is especially true for the immunogold–silver detec-
tion method, which can display greater resolution but lower sen-
sitivity than the ABC method. Freeze-thawing tissue to enhance
antibody penetration and collecting thin sections at the tissue
surface near the Epon-tissue interface was used to minimize these
problems. Longitudinally sectioned profiles, however, provide
clear evidence that many coronal sections might not exhibit de-
tectable immunolabeling through labeled processes. Because this

difficulty should also apply virtually equally to all coronally cut
profiles, conclusions regarding prominent extrasynaptic localiza-
tion of MOR are likely to retain validity.

MOR is localized principally to extrasynaptic dendritic
and axonal plasma membranes
Intense immunolabeling for MOR-LI was localized to discrete
extrasynaptic portions of dendritic and axonal plasma membranes
in the NAC. This localization suggests similarities with the more
dorsal caudate-putamen nuclei, where Hamel and Beaudet (1984,
1987) found that 64% of the autoradiographic binding sites for
MOR ligands seemed to be extrasynaptic. Likewise, with use of
the in vitro autoradiographic technique of Hamel and Beaudet,
evidence for functional nonsynaptic MOR also has been shown in
the guinea pig median eminence, an area devoid of synapses
(Beauvillain et al., 1992). Because both the immunogold–silver
and immunoperoxidase localizations of MOR-LI in the present
study were restricted largely to extrasynaptic sites, we believe that
these localizations are representative of the distributions of func-
tional receptors. We cannot exclude entirely, however, effects
attributable to lack of antibody penetration at postsynaptic den-
sities as described recently for GABAA receptors (Nusser et al.,
1995). Because the peroxidase method readily labeled postsynap-
tic junctions for d-opioid receptors (DOR) in limbic cortex in
similarly prepared sections (Svingos et al., 1995a), the occasionally
observed postsynaptic labeling of asymmetric junctions seen in the
present study may also indicate that MOR could directly modu-
late excitatory postsynaptic responses in the NAC. Moreover, the
preferential localization of MOR-LI to plasma membranes pre-
sents an anatomical correlate for electrophysiological data show-

Figure 7. Immunoperoxidase and immunogold–silver localization of MOR-LI in astrocytic processes (asterisks). The electron micrograph in A shows
peroxidase product for MOR localized to discrete portions of the astrocytic plasma membrane (arrows) apposed to an unlabeled axon terminal. The
immunogold–silver particles in the micrograph of B show MOR-LI (arrows) mainly within the cytoplasm of an astrocytic process that is contacted by an
LE-labeled terminal (Et). Scale bars, 0.3 mm.
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ing that activation of MOR alters synaptic membrane potentials
(Hori et al., 1992; Capogna et al., 1993). The discrete extrasyn-
aptic localization of MOR-LI provides a cellular basis for under-
standing opiate reinforcement, because the decreases in synaptic
transmission associated with stimulation of MOR in the NAC are
thought to underlie drug reward (Yuan et al., 1992).
MOR-LI was associated less frequently with cytoplasmic or-

ganelles of both dendrites and axons. Dendritic labeling for MOR
was localized to smooth endoplasmic reticulum, whereas axonal
MOR was associated with smooth endoplasmic reticulum and/or
small clear vesicles. Conceivably, a proportion of peroxidase-
labeled vesicles could represent diffusion of labeling reagents.
Previous work in similarly prepared tissue, however, has localized
DOR to synaptic vesicles (Svingos et al., 1995a). The localization
of MOR-LI to smooth endoplasmic reticulum and synaptic vesi-
cles thus is most likely to reflect sites of receptor internalization
and/or local reconstitution of the receptor (Broadwell and
Cataldo, 1983; for review, see Smith and Warren, 1991). Labeling
of these subcellular organelles could also indicate that MOR
localization away from the plasma membrane represents the
transportation of synthesized receptors to functional sites and/or
degradation (Beauvillain et al., 1992).

MOR-labeling is localized to nonsynaptic sites on
dendrites contacted by unlabeled and
LE-labeled terminals
Dendrites and dendritic spines labeled for MOR-LI were mainly
postsynaptic to unlabeled terminals that formed symmetric or
asymmetric synapses, characteristically defined as inhibitory and
excitatory input, respectively (Carlin et al., 1980; Hendry et al.,
1983). The nonsynaptic location of MOR-LI in these dendrites
suggests that MOR in the NAC could modulate either GABAer-
gic or glutamatergic postsynaptic potentials via ion channels, as
has been demonstrated electrophysiologically in NAC neurons
(Siggins et al., 1995). The mechanism by which MOR-mediated
G-protein activation modulates synaptic transmission may be as-
sociated with G-protein-linked ion channels, where stimulation of
MOR increases potassium conductance (North et al., 1987) and
inhibits calcium currents (Schroeder et al., 1991; Stefani et al.,
1994). This may result in modulation of neuronal excitability
and/or changes in phospholipase C and adenylate cyclase-
mediated phosphorylation cascades impacting targets that can
include ion channels.
Dendrites immunoreactive for MOR were also apposed to and

more rarely received symmetric synapses from axon terminals
labeled for LE. In junctions with LE-labeled as well as unlabeled
terminals, the gold–silver particles for MOR usually were not
located along synaptic junctions. Taken together, these results
indicate that MOR in the NAC may be activated at a distance
from the sites of exocytotic release of LE or other endogenous
opioid peptides, as has been suggested in the peripheral nervous
system (Jan and Jan, 1983; Kravitz et al., 1983) and from studies
of peptide exocytosis (Thureson-Klein and Klein, 1990). Addi-
tionally, our data provide anatomical evidence that postsynaptic
activation of MOR in the NAC may occur via stimulation by local
endogenous opioids.

MOR is localized to plasma membranes of axon
terminals, some of which either colocalize or appose
LE-labeled terminals
Our localization of MOR-LI to axons and axon terminals that lack
detectable LE suggests sites for presynaptic modulation of the
release of other neurotransmitters within the NAC. These may

include acetylcholine or GABA, both of which are modulated
presynaptically by MOR agonists in the NAC and dorsal striatum,
respectively (Heijna et al., 1992; Jiang and North, 1992). MOR
can also regulate dopamine release (Heijna et al., 1990), at least
in part through presynaptic mechanisms (Yuan et al., 1992; Pen-
nartz et al., 1994) and GABAA receptor potentials (Siggins and
Zieglgansberger, 1981), both of which have been implicated in the
rewarding effects of opiates (Koob, 1992).
Observed colocalizations of MOR-LI and LE in certain termi-

nals, and in appositions between other terminals labeled sepa-
rately for these antigens, provide cellular sites for MOR “autore-
ceptors” and nonautoreceptors. These data support physiological
studies showing that stimulation of MOR by morphine can de-
crease cellular responses (Hakan and Henriksen, 1995) and re-
duce enkephalin release (Collin et al., 1994). Additionally, our
results support previous studies showing axo-axonic appositions
between enkephalin- and nonenkephalin-containing terminals
(Pickel et al., 1980) and again support a local origin for presyn-
aptic activation of MOR.

Localization of MOR to non-neuronal sites
The localization of MOR-LI to astrocytic processes in the NAC
may provide direct evidence for cellular sites at which endogenous
opioids and opiates may modulate non-neuronal physiological
responses. These results fit with findings of Beauvillain et al.
(1983), Lightman et al. (1983), and Eriksson et al. (1990), who
showed evidence for MOR on glial cells of the median eminence,
pituitary gland, and primary neuronal cultures, respectively. Al-
though the functional significance of this finding remains to be
investigated, it has been proposed that receptors localized to glia
(Aoki and Pickel, 1992) may be involved in the regulation of
adenylate cyclase, cAMP-dependent phosphorylation, or IP3 turn-
over and its interaction with calcium and kinases (Browning and
Ruina, 1984; Stone et al., 1990). Contact between MOR-labeled
astrocytes and LE-labeled terminals suggests a possible substrate
for the exchange of signals between astrocytic processes and
neurons, where it is thought that astroglial cells may participate in
neuronal communication (Eriksson et al., 1991). The localization
of MOR-LI to astrocytic processes may also indicate their involve-
ment in drug-associated synaptic plasticity, because alterations in
astrocytic protein synthesis and release have been seen in
morphine-treated brains (Ronnback and Hansson, 1988).
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