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The shell compartment of the nucleus accumbens (AcbSh) is
prominently involved in the rewarding aspects of d-opioid receptor
(DOR) agonists, including one of its putative endogenous ligands,
Met5-enkephalin (Enk). We examined the ultrastructural immuno-
cytochemical localization of an antipeptide DOR antiserum and an
antibody against Enk to determine the major cellular sites for DOR
activation and the spatial relationship between DOR and Enk in
this region. Sixty percent of DOR-immunoreactive profiles were
axon terminals and small unmyelinated axons, whereas the re-
mainder were mainly dendrites and dendritic spines. In axons and
terminals, DOR labeling was distributed along plasma and vesic-
ular membranes. DOR-containing terminals were mainly large and
primarily formed symmetric synapses or occasionally asymmetric
synapses. DOR immunoreactivity also was associated with termi-
nals that were small and formed punctate symmetric or nonrec-
ognizable synapses. Dual immunoperoxidase and immunogold

labeling showed that 35% of DOR-labeled axons apposed other
terminals that contained Enk. In addition, 25% of the DOR-labeled
terminals contained Enk. Thirty-five percent of DOR labeling was
observed within dendrites and dendritic spines. DOR-labeled
spines showed intense immunoreactivity within asymmetric
postsynaptic junctions, which were formed by terminals that
lacked Enk immunoreactivity. DOR-labeled spines, however, were
apposed to Enk-containing terminals in 13% of all associations
between dually labeled profiles. These results provide ultrastruc-
tural evidence that activation of DOR in the AcbSh is primarily
involved in modulating the presynaptic release of mainly inhibitory,
but also excitatory, neurotransmitters. These data also suggest
that DOR plays a role in determining the postsynaptic response to
excitatory afferents.
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The nucleus accumbens (Acb) is a primary brain region involved
in the locomotor and rewarding behaviors associated with admin-
istration of d-opioid receptor (DOR) ligands (Shippenberg et al.,
1987; Churchill and Kalivas, 1992; Negus et al., 1993). Infusion of
DOR-specific agonists into the Acb, for example, results in en-
hanced locomotor activity, including stereotypy, and also pro-
duce reinforcing behaviors such as conditioned place preference
(Goeders et al., 1984; Dauge et al., 1988; West and Wise, 1988;
Longoni et al., 1991; Suzuki et al., 1994; Meyer et al., 1995).
Furthermore, selective lesioning of the Acb abolishes the rein-
forcing effects of DOR agonists (Shippenberg and Herz, 1988),
including heroin (Zito et al., 1985). These behaviors appear to
reflect primarily the limbic shell region of the Acb, suggesting that
this area also is a site for DOR-mediated reinforcing behaviors
(Mogenson et al., 1980; Alheid and Heimer, 1988).

The behavioral effects induced by DOR agonist administration
are thought to occur through DOR-mediated modulation of
transmitter release (for review, see Mulder and Schoffelmeer,
1993). In this regard, GABAergic and glutamatergic transmission
in the Acb and other brain areas is attenuated by DOR agonist
administration (Yuan et al., 1992; Glaum et al., 1994; Tanaka and
North, 1994). In addition, DOR agonists are known to increase
dopamine efflux and turnover in the Acb (Spanagel et al., 1990;
Pentney and Gratton, 1991; Suzuki et al., 1997). Furthermore,

DOR stimulation results in decreased release of acetylcholine in
this region (Lapchak et al., 1989; Heijna et al., 1990, 1992; Sandor
et al., 1992). DOR activation may modulate presynaptic transmit-
ter release or the postsynaptic affects of transmitter function
through changes in ion channel flux (North et al., 1987; Stefani et
al., 1994).

Autoradiographic studies of selective DOR ligands reveal a
diffuse binding profile for the receptor in the ventral region of the
striatum, including the shell compartment of the nucleus accum-
bens (AcbSh) (Mansour et al., 1987; Gouarderes et al., 1993). In
addition, in situ hybridization studies show that neurons within
both the shell and core regions of the Acb express DOR mRNA
(Mansour et al., 1995). The neuronal distribution of DOR within
the AcbSh, however, has not been established firmly, nor has the
cellular relationship between DOR and its putative endogenous
ligand Met5-enkephalin (Enk) been investigated in this region. In
the present study, we used an antipeptide antiserum against DOR
and an antibody against Enk combined with high-resolution elec-
tron microscopy to examine (1) the cellular distribution of the
receptor within the rat AcbSh and (2) the spatial relationship
between DOR and Enk in this region. Our results provide the
first ultrastructural evidence for the prominent involvement of
DOR in the presynaptic release of transmitter from morpholog-
ically and perhaps chemically heterogenous axon terminals, in-
cluding those that contain Enk. We also show that DOR immu-
noreactivity is present along selective asymmetric synaptic and
nonsynaptic sites in dendritic spines, suggesting that DOR acti-
vation could mediate postsynaptic responses to opiates or other,
mainly excitatory, neurotransmitters within spiny neurons in the
AcbSh.
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MATERIALS AND METHODS
Antibody specificity. The p34 peptide, corresponding to amino acids
34–47 of an extracellular fragment of the N-terminal domain of the
cloned DOR receptor, was synthesized, and a polyclonal antibody was
generated in guinea pigs (Immuno-Dynamics, La Jolla, CA). The chosen
peptide had an amino acid sequence known not to occur in other
nonopioid receptors, or other proteins, as shown by searches in Gen-
Bank. The p34 antibody was subsequently characterized by (1) immu-
nodot blots, (2) immunocytochemical labeling of NG-108 cells and cer-
vical spinal cord tissue sections, and (3) preadsorption of labeled cells
and tissue with the parent peptide (Cheng et al., 1995). The results from
Cheng et al. (1995) showed that the p34 DOR antibody did not cross-
react with other m- or k-opioid receptors. In addition, the p34 antibody
labeled NG-108 cells and the dorsal horn of the spinal cord. DOR
labeling was significantly decreased in NG-108 cells and rat spinal cord
when coincubated with the parent peptide.

A rabbit polyclonal antiserum raised against Met5-enkephalin was
obtained commercially from Incstar (Stillwater, MN). Immunodot blots
revealed that the Met 5-enkephalin antibody reacts principally with Met5-
enkephalin and has a more limited recognition of Leu 5-enkephalin and
no cross-reaction with endorphin or dynorphin A (Cheng et al., 1995).
Immunocytochemistry. Adult male Sprague Dawley rats were anesthe-
tized with 100 mg/kg sodium pentobarbital intraperitoneally and per-
fused through the ascending aorta with (1) 10 ml of heparin (1000 U/ml)
in saline, (2) 50 ml of 3.75% acrolein (Polysciences, Warrington, PA) in
a solution of 2% paraformaldehyde and 0.1 M phosphate buffer (PB), pH
7.4, and (3) 200 ml of 2% paraformaldehyde. The brains were then
removed and post-fixed for 30 min in 2% paraformaldehyde. After
sectioning at 30–40 mm on a vibratome, the tissue was treated with 1%
sodium borohydride in 0.1 M PB to remove excess aldehydes. Tissue
sections were then freeze-thawed to enhance penetration of immunore-
agents. For this, tissue was incubated in a cryoprotectant solution con-
taining 25% sucrose and 2.5% glycerol in 0.05 M PB and then immersed
successively in (1) liquid freon, (2) liquid nitrogen, and (3) room tem-
perature 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 incubated for 30 min
in 1% bovine serum albumin in TBS to minimize nonspecific labeling
and then processed for immunocytochemistry.

For single-labeling experiments with DOR, pretreated tissue sections
were incubated for 48 hr at 4°C in primary guinea pig antiserum p34
(1:2000). For dual-labeling experiments, tissue sections were incubated
in a solution containing the p34 antiserum (1:2000) and the antibody
against Enk (1:20,000). For immunoperoxidase detection of DOR, sec-
tions were incubated in (1) 1:400 biotinylated goat anti-guinea pig IgG
(Amersham, Arlington Heights, IL) and (2) 1:200 peroxidase–avidin
complex (Hsu et al., 1981). The peroxidase reaction product was visual-
ized with 22 mg of 3,39-diaminobenzidine (Aldrich, Milwaukee, WI) in
10 ml of 30% H2O2 and 100 ml of TBS for 6 min. All incubations were
performed at room temperature (unless otherwise noted) with continu-
ous agitation. Sections were rinsed with TBS between incubations.

The method of Chan et al. (1990) was used for pre-embedding per-
oxidase–immunogold dual labeling of the tissue. For immunogold–silver
detection of Enk, tissue sections that were processed for DOR were then
(1) incubated for 2 hr in colloidal gold (1 nm)-labeled anti-rabbit IgG
(1:50), (2) fixed for 10 min in 2% glutaraldehyde in PBS, and (3) reacted
for 5–10 min with a silver solution (IntenSE kit, Amersham).

For electron microscopic detection of the Enk and/or DOR antisera,
tissue sections were post-fixed with 2% osmium tetroxide in 0.1 M PB for
1 hr, dehydrated through graded ethanols and propylene oxide, and
embedded in Epon 812 between two sheets of Aclar plastic (Leranth and
Pickel, 1989). Ultrathin tissue sections (40–50 nm) were cut through the
AcbSh at the levels of plates 11–13 of the rat brain atlas of Paxinos and
Watson (1986). Thin sections were cut with a diamond knife (Diatome)
and collected on copper mesh grids in serial order from the outer surface
of the tissue. The sections were then counterstained with uranyl acetate
and lead citrate (Reynolds, 1963) and examined with a Phillips 201
electron microscope.

Assessment of cellular elements. The classification of labeled cellular
elements was based on descriptions by Peters et al. (1991). Soma were
identified by the presence of nuclei. Dendrites were identified by the
presence of postsynaptic densities and/or an abundance of endoplasmic
reticulum and microtubules. Small unmyelinated axons were ,0.1 mm in
diameter and rarely contained small vesicles. Small axon terminals were
between 0.1 and 0.5 mm in diameter and occasionally contained small
synaptic vesicles. Large axon terminals contained a relative abundance of
small synaptic vesicles and were between 0.5 and 1.5 mm in diameter.
Synapses were characterized as either asymmetric (thick postsynaptic
densities) or symmetric (thin postsynaptic densities). Nonsynaptic con-
tacts or appositions were defined as close membranous associations that
lacked recognizable specializations but were not otherwise separated by
astrocytic processes. “Perisynaptic” was defined as the area of the den-
dritic plasma membrane that was adjacent to the postsynaptic density.
“Extrasynaptic” was defined as that area of the dendritic plasma mem-
brane that was not adjacent to the synaptic junction. “Nonsynaptic” was
defined as that area of dendritic plasma membrane that did not include
the synaptic specialization.
Data analysis. The total field used for analysis of labeled profiles was
taken from electron micrographs that were chosen based on the presence
of labeling for the antigen(s) of interest and morphological integrity. The
presence of labeled profiles was verified by examining serial tissue
sections when possible. Assessment of the number of DOR-
immunoreactive profiles in singly labeled tissue was based on three to
five vibratome sections taken from four animals. The percentage of
labeled profile type (i.e., dendrites vs terminals) was based on all DOR-
labeled elements (n 5 626). The incidence of contacts between and
colocalizations of DOR- and Enk-labeled profiles was based on the total
number of DOR-labeled profiles taken from dually labeled tissue sec-
tions (n 5 454 DOR-labeled profiles, taken from three to five vibratome

Figure 1. Coronal hemisection of the rat forebrain. Schematic diagram
illustrating the region of the Acb shell that was sampled for electron
microscopic analysis. ac, Anterior commissure; Acb, nucleus accumbens;
cc, corpus callosum; CPN, caudate–putamen nucleus. Modified from
Swanson (1992).
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including a mitochondrion (m) and smooth endoplasmic reticulum (SER). This terminal forms an asymmetric synapse (curved arrow) with a spine (US)
that appears unlabeled when compared with the dendritic postsynaptic density in D. D, A DOR-labeled small terminal (DOR-st) is apposed to a
DOR-immunoreactive dendrite. The dendritic DOR immunoreactivity is localized to a synapse (curved arrow) that is formed by an unlabeled terminal
(UT ). A small unmyelinated axon (DOR-a) reveals delicate DOR labeling around the plasma membrane. Scale bars, 0.22 mm.
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Figure 2. Electron micrographs showing immunoperoxidase DOR-LI in large axons, small axon terminals, and small unmyelinated axons. The axon
large terminals in A and B (DOR-lt) contain small synaptic vesicles (SSV ) that are rimmed with a dense black precipitate indicative of DOR-LI. The
DOR-labeled terminal in A also contains a coated vesicle (CV ) that is immunoreactive for DOR. Both DOR-labeled terminals form symmetric-type
synapses (curved arrows) with unlabeled dendrites (UD). B, A DOR-immunoreactive small axon terminal (DOR-st) forms a symmetric synapse (curved
arrow) with UD and two small DOR-immunoreactive axons (DOR-a). The terminal in C (DOR-t) contains DOR-LI that is seen along a portion of the
axonal plasma membrane (small arrow). The peroxidase reaction product is also associated with adjacent cytoplasmic organelles, (Figure legend continues)
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sections of four animals). Specific cellular relationships between DOR-
and Enk-immunoreactive profiles were expressed as a percentage of the
total number of DOR- and Enk-immunoreactive elements that either
were in contact or contained both antigens (n 5 193).
Methodological considerations. The term d-opioid receptor-like immuno-
reactivity (DOR-LI) was used to describe the localization of the anti-
peptide antiserum used in this study to include the possibility that the
antiserum may recognize structurally similar proteins. Based on several
lines of evidence, however, we believe that the antiserum specifically
recognizes DOR. DOR immunoreactivity was removed by adsorption
with the corresponding p34 peptide in several brain regions known to
contain high levels of DOR, as well as NG-108 cells, a cell line that
expresses DOR. Moreover, dot blot analysis revealed that the DOR
antiserum did not cross-react with peptide fragments from either the m-
or k-opioid receptors (Cheng et al., 1995). Furthermore, searches of
GenBank have shown that the p34 peptide sequence has no significant
sequence homology with other known peptides.

Avidin–biotin–peroxidase labeling is known to diffuse and therefore
may lead to artifactual labeling (Beier, 1992). Diffusion may account for
detection of immunoreactive cytoplasmic organelles that were adjacent
to more intensely labeled plasma membranes. The peroxidase reaction
product is, however, highly sensitive and therefore is able to detect
discrete patterns of receptor immunoreactivity at the subcellular level.
Our results are likely to underepresent the frequencies of associations
between DOR and Enk because of the sparsity of immunogold labeling
attributed in part to the small number of dense core vesicles, the pre-
sumed storage vesicle for Enk and other peptides (Zhu et al., 1986).

RESULTS
In the AcbSh, 60% of 626 DOR-labeled profiles were axon
terminals and small unmyelinated axons, whereas the remainder
(35%) were mainly dendrites and dendritic spines. Within tissue
dually labeled for DOR and Enk, 43% (n 5 193 of 454) of the
DOR-labeled profiles either contained Enk or contacted other
profiles that contained the peptide.

Localization of DOR immunoreactivity to axon
terminals and their relationship to unlabeled and Enk-
labeled terminals
DOR immunoreactivity is localized to large axon terminals
Twenty-seven percent (n 5 169 of 626) of all DOR-labeled
profiles were axon terminals that were between 0.5 and 1.5 mm in
diameter and contained loosely packed small synaptic vesicles
(Figs. 1A–C, 2C). Within these axon terminals, DOR-LI was
associated with clusters of small synaptic vesicles (SSVs), coated
vesicles, and/or smooth endoplasmic reticulum (Fig. 1A–C).
These cytoplasmic organelles were often near plasma membranes
that also showed DOR labeling. DOR-immunoreactive plasma
membranes were apposed to unlabeled axons (Figs. 1C, 2A) and
glial processes. Eighty-three percent (140 of 169) of the large
DOR-labeled axon terminals formed symmetric synapses (Fig.
1A,B). Seventeen percent (29 of 169) of DOR-labeled terminals
formed asymmetric contacts (Fig. 1C). DOR-immunoreactive
terminals that formed symmetric synapses contacted unlabeled
dendrites, whereas unlabeled dendritic spines were contacted by
terminals that formed asymmetric synapses (Fig. 1A–C).

DOR labeling is localized to small axon terminals
Twenty percent of all DOR-LI was associated with small axon
terminals (n 5 122 of 626 DOR-labeled profiles). These terminals
were between 0.1 and 0.5 mm in diameter and contained few small
synaptic vesicles (Fig. 1B,D). The immunolabeling for DOR was
associated with selective segments of the plasma membrane (Fig.
1D) and also was seen along membranes of small synaptic vesicles
(Fig. 1B). DOR-labeled small terminals formed symmetric punc-
tate synapses with dendrites (Fig. 1B,D), some of which were
immunoreactive for DOR (Fig. 1D). Other DOR-labeled small
axon terminals lacked recognizable junctions and were apposed
to unlabeled profiles.

DOR immunolabeling is localized to small
unmyelinated axons
Thirteen percent of DOR-labeled profiles were small unmyeli-
nated axons (n 5 85 of 626 DOR-labeled profiles). These axons
were ,0.1 mm in diameter and rarely contained SSVs. In most
small unmyelinated axons, DOR-LI was associated with the
plasma membrane but also was observed within the cytoplasm
(Figs. 1B,D, 2C, 3A, 4A). DOR-immunoreactive axons were
either isolated (Fig. 1B,D) or were grouped in bundles with other
DOR- or unlabeled axons (Figs. 2C, 4A). These axons did not
appear to form recognizable junctions with apposing profiles.

DOR and Enk immunoreactivity are localized within apposing
axon terminals
The localization of DOR to axon terminals was also seen in tissue
sections that were dually labeled for DOR and Enk. From the 193
contacts or colocalizations between DOR- and Enk-labeled pro-
files, 35% were appositions between differentially labeled axon
terminals. Enk-labeled terminals were large (.0.5 mm in diame-
ter) and contained loosely packed vesicles (Fig. 2A,B). Gold–
silver particles indicating the presence of Enk were often seen in
clusters near the perimeter of axons and sometimes contacted
membranes of SSVs (Figs. 2, 3A, 4C).

DOR-labeled axons and axon terminals that were apposed to
Enk-immunoreactive terminals varied in size (0.1–1.5 mm in
diameter) (Fig. 2A), similar to those seen in singly labeled tissue
sections. DOR immunoreactivity was not restricted to, and often
was not present along, SSVs or discrete portions of immediately
apposed axonal membranes (Fig. 2A).

DOR and Enk immunoreactivity are colocalized in
axon terminals
In dually labeled tissue sections, 25% of all associations between
DOR- and Enk-labeled profiles (n 5 193) were axon terminals
that contained both antigens. Dually labeled axon terminals were
large (.0.5 mm in diameter), contained loosely packed small
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Figure 3. Electron micrographs showing appositions between axon terminals labeled for either DOR or Enk (A) and colocalization of DOR and Enk
in axon terminals (B, C). A, DOR-labeled terminal (DOR-t) is apposed to a terminal that contains gold–silver particles for Enk (Enk-t). The DOR
peroxidase reaction product is associated with the plasma membrane (small arrows) and a nearby mitochondrion (m). Gold–silver particles for Enk
(arrowheads) are dispersed within the cytoplasm. B, Cross-section of a large axon terminal that contains peroxidase reaction product for DOR and
gold–silver particles for Enk (DL-t). The immunolabeling for DOR (small arrows) and Enk (arrowheads) is associated with small synaptic vesicles (SSV ),
but their immunoreactivities appear segregated within the axon terminal. DL-t is apposed to an unlabeled dendrite (UD). C, Longitudinally cut axon
that contains immunoperoxidase labeling for DOR and immunogold labeling for Enk (DL-t). The peroxidase reaction product is intensely localized to
the plasma membrane of an intervaricose segment of the axon (small arrows), whereas gold–silver particles for Enk (arrowheads) are located within the
varicosity. DL-t forms divergent symmetric synapses (curved arrows) with two unlabeled dendrites (UD). In the same field, a DOR-immunoreactive small
unmyelinated axon (DOR-a) is seen within a group of unlabeled small axons (UA). Scale bars, 0.25 mm.
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synaptic vesicles, and formed symmetric synapses with unlabeled
dendrites (Fig. 2B,C). Gold–silver particles for Enk were con-
tained within the cytoplasm, usually in association with SSVs.
When present, dense core vesicles usually were Enk-
immunoreactive. In these terminals, DOR-LI was associated with
SSVs (Fig. 2B) and also was intensely localized to small segments
of the plasma membrane in presynaptic portions of axons (Fig.
2C). The DOR-immunoreactive plasma membranes were ap-
posed to unlabeled small axons (Fig. 2C). In dually labeled axon
terminals, the immunoreactivity for DOR and Enk was either
segregated (Fig. 2B,C) or overlapped (data not shown).

Localization of DOR immunoreactivity to dendrites and
their relationship to Enk-labeled terminals
DOR labeling is localized to dendritic spines
Twenty-six percent (n 5 164 of 626) of DOR-labeled profiles
were dendritic spines. Intense DOR immunolabeling was ob-
served along portions of the dendritic plasma membrane, includ-
ing postsynaptic densities of asymmetric-type junctions (Figs. 4,
5C) Synaptic DOR-LI was confined either to the postsynaptic
density or was continuous with perisynaptic portions of the
plasma membrane (Figs. 4, 5C) DOR immunoreactivity was also
observed along selective extrasynaptic sites along the plasma
membrane, which were apposed to unlabeled profiles, including
glial processes, dendrites, and terminals (Fig. 4A). DOR-labeled
nonsynaptic plasma membranes were also evident in spine necks,
where membranes of the spiny apparatus also were densely im-
munoreactive (Fig. 4B). DOR-labeled spines received asymmet-
ric synaptic input from unlabeled terminals (Figs. 4, 5C). These
unlabeled terminals were up to 1.5 mm in diameter and contained
loosely packed, round vesicles. DOR-immunoreactive spines and
spine necks were apposed to unlabeled axon terminals and den-
drites (Figs. 4, 5C).

DOR immunoreactivity is localized to dendritic shaf ts
Nine percent of DOR-labeled elements were dendritic shafts
(n 5 55 of 626 DOR-labeled profiles). Within these dendrites,
DOR immunoreactivity was localized to selective portions of the
plasma membrane (Fig. 5A,B), including postsynaptic densities
(Fig. 1D). DOR-labeled dendrites were contacted by DOR-
labeled and unlabeled axon terminals (Figs. 2D, 5A,B). Unlabeled
terminals formed asymmetric junctions (Fig. 2D) or lacked rec-
ognizable synapses (Fig. 5A,B). DOR-LI was also identified with
saccules of smooth endoplasmic reticulum and occasionally with
membranes of mitochondria, located near labeled portions of the
plasma membrane (Fig. 5A,B).

Enk-labeled terminals contact DOR-containing dendrites
In dually labeled tissue sections, DOR immunoreactivity was
present in dendrites that received synaptic contact from terminals
both with and without Enk. These Enk-immunoreactive terminals
contained gold–silver particles that were distal to the contacts
with the DOR-labeled dendrites. DOR-immunoreactive spines
received synaptic input only from unlabeled terminals; however,
these spines sometimes were apposed to or near Enk-
immunoreactive terminals (Fig. 4C). DOR-labeled spiny den-
drites sometimes received symmetric junctions from multiple
Enk-immunoreactive axon terminals (Fig. 5C). Even in these
cases, DOR immunoreactivity was associated with spatially dis-
tinct regions that were mainly at asymmetric axospinous junctions
(Fig. 5C).

DOR and Enk immunoreactivity are colocalized in dendrites
Eleven percent (22 of 193) of the immunolabeling for DOR and
Enk was detected in the same dendrite. Peroxidase reaction
product for DOR was localized to cytoplasmic membranes, in-
cluding the spiny apparatus, and to postsynaptic densities of
dendritic spines (Fig. 5C). Gold–silver particles for Enk were
observed within the cytoplasm, in locations distal to the DOR
immunoreactivity (Fig. 5C). Dually labeled dendrites received
synaptic input from Enk-labeled and unlabeled axon terminals.

Other DOR-labeled profiles and their relationship with
Enk-immunoreactive profiles
DOR immunolabeling is rarely localized to somata and
glial processes
Three percent of the DOR-labeled profiles were cell bodies (n 5
17 of 626). Within the perikarya, DOR-LI was localized to cyto-
plasmic organelles, including the Golgi apparatus and smooth
endoplasmic reticulum, and occasionally the plasma membrane.
From all DOR and Enk contacts and colocalizations (n 5 193),
2% were dually labeled perikarya. These somata had an abun-
dance of cytoplasm and round, unindented nuclei. Two percent of
DOR-labeled profiles were astrocytic processes (n 5 14 of 626
DOR-immunoreactive profiles), as defined by their irregular con-
tour and/or intermediate filaments (Peters et al., 1991). Intense
peroxidase labeling for DOR was seen along discrete portions of
glial plasma membranes.

DISCUSSION
Our results provide the first ultrastructural evidence that in the
AcbSh, DOR immunoreactivity is primarily localized to plasma
membranes and vesicular structures within morphologically het-
erogenous types of axon terminals. Large DOR-immunoreactive
axon terminals formed symmetric synapses and sometimes con-
tained Enk or were apposed to Enk-immunoreactive terminals.
These data suggest that activation of DOR by local endogenous
opioids is involved in the presynaptic release of inhibitory amino
acid neurotransmitters and possibly Enk. We also show that large
terminals that formed asymmetric synapses or small terminals
that formed symmetric synapses contain DOR, suggesting a po-
tential role for DOR in the release of excitatory amino acids and
possibly dopamine or acetylcholine. Finally, we show that DOR
labeling is present along synaptic and extrasynaptic plasma mem-
branes of dendritic spines, some of which received contact from
Enk-labeled terminals. These latter data suggest that opioids may
modulate the postsynaptic excitatory responses of spiny neurons
in the AcbSh through activation of DOR.

DOR immunoreactivity is localized primarily to
axon terminals
Most of the larger DOR-labeled terminals in the present study
contained loosely packed small synaptic vesicles and formed
symmetric-type junctions with dendrites. These are typical fea-
tures of inhibitory-type terminals, which use GABA as their
transmitter (Carlin et al., 1980). These results support physiolog-
ical studies, which show that DOR ligands attenuate the presyn-
aptic release of GABA in the striatum (Jiang and North, 1992),
and other brain areas (Glaum et al., 1994; Tanaka and North,
1994). A smaller proportion of the large DOR-immunoreactive
terminals contained densely packed small synaptic vesicles and
formed asymmetric-type junctions with dendritic spines, indica-
tive of excitatory-type terminals that use glutamate at their trans-
mitter (Hendry et al., 1983). The localization of DOR to
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excitatory-type terminals supports electrophysiological studies
that suggest the involvement of DOR ligands in the presynaptic
release of glutamate (Jiang and North, 1992; Glaum et al., 1994;
Tanaka and North, 1994). Within each type of terminal, DOR
immunolabeling was infrequently localized to plasma membranes
and more commonly was associated with clusters of small synaptic
vesicles. In contrast, in presynaptic axons, DOR was preferen-
tially localized to plasma membranes. The plasmalemmal local-
ization of DOR provides a possible site for receptor-mediated
attenuation of transmitter release through a reduction in calcium
influx (Heijna et al., 1992; Stefani et al., 1994; Piros et al., 1996),
because calcium channels show a similar subcellular distribution
within axon terminals (Westenbroek et al., 1995). The vesicular
localization of DOR suggests that activation of the receptor may
inhibit calcium-dependent transmitter release directly, possibly
through changes in stimulus–secretion-coupling processes, as
seen in peripheral tissue (Sher et al., 1996). The localization of
DOR to mainly inhibitory but also to excitatory-type terminals
indicates that activation of the receptor in the AcbSh may mod-
ulate the release of GABA but also glutamate through two
distinctive mechanisms, both of which may involve calcium
regulation.

In the AcbSh, DOR labeling also was detected prominently
within small axon terminals that either did not form recognizable
junctions or showed poorly differentiated symmetric synapses.
These axon terminals had the morphological characteristics and
contacted targets similar to those that have been described for
cholinergic and catecholaminergic terminals (Houser et al., 1983;
Wainer et al., 1984; Phelps et al., 1985; Pickel et al., 1988; Pickel
and Chan, 1990). In this regard, our data support the localization
of DOR mRNA within acetylcholine-containing neurons of the
striatum (LeMoine et al., 1994). Our data also are consistent with
physiological studies that show DOR activation to inhibit presyn-
aptic acetylcholine release in the Acb (Mulder et al., 1984;
Lapchak et al., 1989; Heijna et al., 1990, 1992; Sandor et al.,
1991). DOR ligands also are known to potentiate extracellular
dopamine levels in the striatum; therefore, our data support the
possibility of DOR localization within dopamine-containing ter-
minals in this region (Chesselet et al., 1984; Spanagel et al., 1990;
Pentney and Gratton, 1991; Suzuki et al., 1997). DOR ligand-
binding and agonist-induced locomotor activity, however, are not
altered after either intra-accumbens or intramesencephalic lesioning
of dopaminergic input to the Acb (Kalivas et al., 1983; Unterwald et
al., 1989; Dilts and Kalivas, 1990; Churchill and Kalivas, 1992),
suggesting that dopamine terminals do not contain DOR. Ultra-

4

Figure 4. Electron micrographs showing DOR immunoreactivity in den-
dritic spines and their relationship with Enk-labeled terminals. The den-
dritic spines in A and B (DOR-s) show intense DOR-LI mainly localized
to plasma membranes of postsynaptic densities and along nonsynaptic
portions of dendritic spines (small arrows). B, DOR-LI within the spiny
apparatus (SA) and along the plasma membrane of a spine neck (small
arrow). Both DOR-labeled spines receive asymmetric synaptic input from
unlabeled terminals (UT ). C, Dendritic spine (DOR-s) that has intense
DOR labeling along the postsynaptic density (small arrow). DOR-s re-
ceives synaptic input from an unlabeled terminal that also contacts an
unlabeled spine (US). DOR-s is also apposed to two axon terminals
(Enk-t) that contain gold–silver particles for Enk (arrowheads). Enk-t are
separated from DOR-s by glial processes (asterisks). The unlabeled ter-
minal also forms a synapse with another spine (US), which lacks DOR
immunoreactivity. In the same field, an unlabeled spine (US) forms a
perforated asymmetric synapse (curved arrows) with an unlabeled termi-
nal (UT ). Scale bars, 0.26 mm.
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structural studies combining DOR antiserum with markers for ace-
tylcholine and dopamine are necessary to address this issue defini-
tively and are currently under investigation.

DOR immunoreactivity is localized to axon terminals
that either appose Enk-labeled terminals or contain
Enk immunoreactivity
In dually labeled tissue sections, DOR-labeled axon terminals
were apposed to terminals that contained Enk. The DOR-labeled

terminals varied in their morphological characteristics, as seen in
singly labeled tissue. The apposing Enk-labeled terminals were
large and formed symmetric synapses with unlabeled profiles.
Synaptic contacts were not detected between DOR- and Enk-
labeled terminals, consistent with results seen previously in other
brain areas (Cheng et al., 1995; Svingos et al., 1995). These results
support physiological studies that indicate that Enk and Enk
analogs modulate acetylcholine and dopamine release through

Figure 5. Electron micrographs showing DOR-LI in dendrites and their relationship to Enk. The dendrites in A and B (DOR-d) show peroxidase
reaction product for DOR (small arrows) along selective portions of their plasma membranes. Diffuse reaction product is also seen along the membranes
of nearby cytoplasmic organelles, including a mitochondrion (m) in A. Both of the DOR-labeled dendrites are apposed to unlabeled terminals (UT ).
Within A, there are also two small unmyelinated axons that are labeled for DOR (DOR-a) within a group of unlabeled axons (UA). C, Dendrite that is
dually labeled for DOR and Enk (DL-d). The dendritic spine ( S) is intensely labeling for DOR (small arrows), whereas the gold–silver particles for Enk
are contained within the shaft (arrowheads). DL-d receives convergent input from two Enk-immunoreactive terminals (Enk-t) and two unlabeled
terminals (UT ). Scale bars, 0.27 mm.
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activation of presynaptic DOR (Di Chiara and Imperato, 1988;
Sandor et al., 1991). The present data also provide an anatomical
basis for a local enkephalin source for activation of DOR.

DOR and Enk immunoreactivity were also detected within the
same axon terminals. These dually labeled terminals were large
and formed symmetric synapses with dendrites, consistent with
the localization of DOR to Enk-containing neurons that use
GABA as their primary transmitter (Aronin et al., 1984). These
data suggest that DOR may act as a presynaptic heteroreceptor
and/or autoreceptor that could modulate the release of Enk and
GABA (Collin et al., 1994). These data are consistent with
physiological studies that show that DOR agonists, including Enk,
decrease inhibitory postsynaptic potentials in the striatum (Jiang
and North, 1992; Yuan et al., 1992). Because GABA- and Enk-
containing neurons primarily project to regions outside of the
Acb (Preston et al., 1979), our data suggest that DOR activation
within the AcbSh could modulate Enk and/or GABAergic func-
tion in other regions (Maldonado-Irizarry et al., 1995).

DOR immunoreactivity is localized to dendritic spines
In the AcbSh, DOR immunoreactivity was localized to postsyn-
aptic densities and extrasynaptic portions of plasma membranes
within dendritic spines. This distribution is similar to that ob-
served previously for DOR in various brain regions (Cheng et al.,
1995; Svingos et al., 1995; Commons and Milner, 1996). These
data provide evidence for synaptic and nonsynaptic sites by which
DOR ligands could modulate the postsynaptic responsivity of
excitatory transmission within spiny-type neurons. Plasmalemmal
modulation of excitatory transmission may occur through changes
in DOR-mediated potassium and/or calcium channel conduc-
tance (North et al., 1987; Stefani et al., 1994). In this regard, the
cellular distribution of a G-protein-gated, inwardly rectifying
potassium channel that couples to opioid receptors, also is highly
localized within asymmetric postsynaptic densities and nonsyn-
aptic portions of dendritic spines (Drake et al., 1997). Our data
also concur with pharmacological studies in the striatum, which
predict that opioids alter postsynaptic responses through modu-
lation of calcium currents (Stefani et al., 1994). DOR-mediated
alterations in calcium flux may underlie opiate modulation of
NMDA receptor-mediated postsynaptic potentials, as seen in
other brain regions (Chen and Huang, 1991). In this regard, it is
interesting to note that NMDA receptors in the AcbSh have a
distribution pattern similar to that of DOR (Gracy et al., 1997).
Our results suggest that activation of DOR within spines may
alter postsynaptic glutamatergic transmission through modulation
of ion channel flux at synaptic and nonsynaptic sites.

DOR labeling is localized to dendrites that are
contacted by Enk-labeled terminals
DOR-immunoreactive dendritic spines primarily received synap-
tic input from unlabeled terminals that formed asymmetric syn-
apses but also were apposed to Enk-immunolabeled terminals.
DOR-immunoreactive dendritic shafts also received direct syn-
aptic input from Enk-labeled terminals. DOR immunoreactivity,
however, was located at sites distal from Enk innervation. Both
cases present evidence for nonsynaptic activation of DOR by
local Enk sources, as documented previously in several brain
regions for DOR, and the m-opioid receptor (Cheng et al., 1995;
Svingos et al., 1995, 1996; Wang et al., 1996). These data suggest
that opioid receptors could be activated by local peptide sources
released through extracellular space (Jan and Jan, 1983; Pickel et
al., 1995), providing further evidence that receptor activation

may occur at a distance from peptide release (Thureson-Klein
and Klein, 1990).

Conclusions
Our results show that presynaptic modulation of mainly inhibitory
neurotransmission and possibly acetylcholine and/or dopamine
release are the primary mechanisms for DOR-mediated locomo-
tor activity and reinforcement in the AcbSh. To a lesser extent
does our evidence suggest that DOR agonists modulate the
presynaptic affects of glutamate transmission in this region.
These results, in conjunction with the known circuitry in the
AcbSh, indicate that the fundamental action of DOR ligands,
including opiates, is presynaptic modulation of afferent inputs to
spiny projection neurons. The presynaptic effects may be aug-
mented or opposed by activation of postsynaptic DOR, which may
produce changes in the responsivity of spiny neurons to excitatory
afferents. These results support the hypothesis that spiny projec-
tion neurons in the Acb are opiate targets that are highly involved
in DOR-mediated reward (Hubner and Koob, 1990).
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