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The effectiveness of NMDA antagonists in modulating the mo-
tor and motivational effects of opiates is attributed, in part, to
functional associations involving NMDA receptors and m-opioid
receptors (MORs) in the shell of the nucleus accumbens (Acb).
To determine the subcellular sites for potential functional inter-
actions between opiate ligands and NMDA receptors in this
region, we examined the ultrastructural localization of antipep-
tide antisera against MOR and the R1 subunit of the NMDA
receptor in the Acb shell of the adult rat brain. MOR-like im-
munoreactivity (MOR-LI) was seen primarily in dendrites,
whereas NMDAR1-like immunoreactivity (NMDAR1-LI) was de-
tected more often in axon terminals forming asymmetric syn-
apses. In these profiles, MOR labeling was localized mainly to
extrasynaptic plasma membranes, whereas NMDAR1-LI was
associated with both synaptic and extrasynaptic sites. Of 307

MOR-labeled processes, 17.9% of the dendrites and 9.4% of
the axon terminals also contained NMDAR1-LI. In addition,
24.7% of the dendrites containing only MOR-LI were apposed
to NMDAR1-labeled axons or terminals. We conclude that in
the shell of the Acb, the output of single neurons can be dually
modulated by (1) activation of MOR and NMDA receptors in the
same dendrites or (2) combined activation of presynaptic
NMDA receptors in afferents contacting dendrites containing
MOR. In addition, the colocalization of MOR and NMDAR1 in
certain axon terminals in the Acb suggests their dual involve-
ment in the presynaptic release of neurotransmitters in this
region.
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Behavioral studies suggest that the nucleus accumbens (Acb) is
critically involved in locomotor and opiate tolerance/withdrawal
effects produced by activation of the m-opioid receptor (MOR).
Infusion of MOR agonists into the Acb results in an initial
decrease in locomotor activity followed by a period of hyperac-
tivity (Pert and Sivit, 1977; Costall et al., 1978; Meyer et al., 1994).
Depending on dopamine levels (Burns et al., 1994; Svensson et al.,
1994), locomotor activity can also be increased by administration
of NMDA receptor antagonists into the shell subregion of the Acb
(Pulvirenti et al., 1992). This NMDA receptor antagonist-induced
response can be attenuated by MOR agonists (Layer et al., 1991),
thus suggesting that MOR and NMDA receptors have opposing
behavioral effects in this region. The functional association be-
tween MOR and NMDA receptor ligands is further supported by
observations in opiate addiction paradigms. Tolerance and with-
drawal symptoms, for example, are both prevented by the admin-
istration of MOR or NMDA receptor antagonists (Gulya et al.,
1988; Ben-Eliyahu et al., 1992; Kolesnikov et al., 1993; Trujillo
and Akil, 1994). Opiate self-administration is also blocked by
lesioning the Acb (Zito et al., 1985), providing further evidence
that this region is involved in the motivational and withdrawal
aspects of opiate addiction (Olds, 1982; Goeders et al., 1984;
Koob et al., 1989). Thus, functional associations between the

NMDA receptor and MOR in the Acb most likely contribute to
the known effectiveness of NMDA receptor antagonists in the
inhibition of opiate tolerance and withdrawal (Trujillo and Akil,
1994; Herman et al., 1995).

The susceptibility of both locomotor and opiate addictive be-
haviors to modulation by MOR and NMDA receptor ligands
suggests that these receptors may be present in the same neurons
in the Acb. Electrophysiological studies in the Acb support this
hypothesis by showing that MOR activation increases postsynaptic
NMDA-induced currents (Martin et al., 1997). Anatomical stud-
ies also indirectly suggest colocalization of MOR and NMDA
receptors, because MOR and NMDA receptors have overlapping
light microscopic distributions in the Acb (Hiller et al., 1994;
Petralia et al., 1994). Furthermore, we have shown by electron
microscopic immunocytochemical single labeling that MOR and
NMDA receptors are each localized to dendritic plasma mem-
branes and to axon terminals in the Acb (Gracy and Pickel, 1996;
Svingos et al., 1996). These results suggest that MOR and NMDA
receptor ligands may dually modulate the activity of single neu-
rons or could differentially modulate pre- or postsynaptic compo-
nents of single synapses. To test this hypothesis, we used dual-
labeling immunogold and immunoperoxidase techniques to examine
the electron microscopic immunocytochemical localization of anti-
peptide antisera against the intracellular C terminus of the cloned
MOR protein and the R1 subunit of the NMDA receptor in sections
through the shell of the rat Acb. Expressed throughout the CNS, the
R1 subunit is necessary for NMDA channel function (Hollmann and
Heinemann, 1994; Petralia et al., 1994). Analysis revealed that MOR
is present in many NMDAR1-containing dendrites and in dendrites
receiving input from NMDAR1-labeled terminals. MOR and
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NMDAR1 immunoreactivities were also seen colocalized in axon
terminals.

MATERIALS AND METHODS
Tissue preparation. Four adult male Sprague Dawley rats (Hilltop Farms)
(200–250 gm) were anesthetized deeply with 100 mg /kg sodium pento-
barbital. They were then perfused transcardially through the ascending
aorta with 50 ml of 3.75% acrolein followed by 200 ml of 2.0% parafor-
maldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The brains were
removed and post-fixed in 2.0% paraformaldehyde for 30 min. Coronal
sections 40–50 mm thick were cut through the Acb on a Vibratome
(Technical Products International). The Acb was identified using plates
12–14 of the Paxinos and Watson Atlas (Paxinos and Watson, 1986).

Antisera. The MOR antiserum was raised in rabbit against the intra-
cellular C terminus (amino acids 384–398) of the cloned receptor
(Arvidsson et al., 1995). The monoclonal NMDAR1 antibody, which
recognizes only the R1 subunit of the NMDA receptor, was made in
mouse against a portion of the intracellular loop of the protein between
transmembrane regions III and IV. This region is thought to be common
to all of the eight NMDAR1 splice variants (Brose et al., 1994; Siegel et
al., 1994; Zukin and Bennett, 1995).

Immunocytochemical labeling. The majority of Vibratome sections were
processed using immunogold labeling for MOR detection and immuno-
peroxidase for NMDAR1 detection. A few sections were processed with
reversed makers to verify the distribution of each receptor. Vibratome
sections processed according to Chan et al. (1990) were placed in 1.0%
sodium borohydride in 0.1 M PB for 30 min to bind reactive aldehydes.
This procedure was followed by extensive rinsing in 0.1 M Tris-buffered
saline (TBS) and incubation in 0.5% bovine serum albumin in 0.1 M TBS
for 30 min. The tissue was then processed using a modification of the
freeze–thaw method described by Descarries et al. (1992), in which
sections were cryoprotected by incubation for 15 min in a solution of 30%
sucrose and 0.07% glycerol in 0.1 M PBS. Sections were subsequently
immersed in liquid freon, liquid nitrogen, and room temperature PB in
rapid succession. After several rinses in TBS, the tissue was incubated for
2 d at 4°C in a solution containing rabbit anti-MOR antiserum (1:10,000
or 1:5000 for immunogold; 1:6500 for immunoperoxidase) (Incstar, Still-
water, MN) and mouse anti-NMDAR1 antibody (1:10 for immunogold;
1:10 or 1:25 for immunoperoxidase) (PharMingen, San Diego, CA).

The sections were rinsed in TBS and placed for 30 min in Jackson
biotinylated horse anti-mouse IgG (1:200; Jackson, West Grove, PA) for
peroxidase identification of NMDAR1. In reversed marker studies, a
biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA)
was used to identify MOR with immunoperoxidase. All tissue was incu-
bated for 30 min in avidin–biotin complex (Vector) (Hsu et al., 1981) and
rinsed in TBS. The biotinylated antibody was then visualized by a 6 min
reaction in 22 mg of 3–39-diaminobenzidine (Aldrich, Milwaukee, WI)
and 10 ml of 30% hydrogen peroxide in 100 ml of 0.1 M TBS.

Visualization of immunogold labeling proceeded with a rinse in 0.01 M
PBS followed by a 10 min incubation in 0.8% BSA with 0.1% gelatin in
0.01 M PBS. Sections then were incubated for 2 hr in goat anti-rabbit IgG
(Amersham, Arlington Heights, IL) (for MOR immunogold identifica-
tion) or goat anti-mouse IgG (Amersham) (for NMDA immunogold
identification; 1:50) conjugated to 1 nM gold particles. They were rinsed
in the 0.01 M PBS gelatin solution and in PBS alone, and then placed for
10 min in 1.25% glutaraldehyde in PBS. The tissue was rinsed in PBS,
washed in 0.2 M sodium citrate buffer, pH 7.4, and silver-intensified using
a silver enhancement kit (Amersham) for 4–7 min.

After a rinse in 0.1 M PB, the sections were incubated for 1 hr in 2%
osmium tetroxide in 0.2 M PB. They were washed in PB, dehydrated
through a series of increasing alcohol concentrations, and incubated
overnight in a 1:1 mixture of propylene oxide and Epon 812. They were
then flat-embedded in Epon 812 (Leranth and Pickel, 1989), mounted on
Epon blocks, and thin-sectioned with an LKB ultramicrotome using a
diamond knife (Diatome, Fort Washington, PA). Thin sections of the
shell region of the Acb were taken from the outer surface of the tissue.
These were collected on copper grids, counterstained with uranyl acetate
and Reynolds’ lead citrate (Reynolds, 1963), and examined on a Philips
201 electron microscope.

Electron micrographs used for illustrations were scanned with an
AGFA Arcus II scanner (Agfa-Gevaert) to a Power Macintosh 8500/150
Computer (Apple Computer). The micrographs were minimally adjusted
for contrast and sharpness using Adobe Photoshop (version 3.0.4, Adobe
Systems). The lettering on the plates was composed using Adobe Illus-

trator (version 6.0; Adobe Systems) and QuarkXPress (version 3.32;
Quark).

Data analysis. Electron micrographs were collected from four vi-
bratome sections from each of four rats. A total area of 7640 mm2 of
tissue from the shell of the Acb was used to determine the relative cellular
distribution of immunoreactivity associated with neuronal and glial pro-
files for each antiserum. Furthermore, the number and type of immuno-
labeled profiles dually labeled with both antisera or apposed to other
labeled elements were noted. Virtually all immunogold–silver labeling for
MOR was associated with plasma or organelle membranes; there were
few random particles. Medium or large profiles (0.50–5.0 mm) were
counted only if they contained two or more gold particles, and small
(0.10–0.50 mm) profiles were counted if they contained a single gold
particle associated with the plasma membrane. The validity of this ap-
proach was shown previously by similarities in the number of immunogold
versus immunoperoxidase-labeled profiles in reversed marker studies.
Immunogold labeling was described as “perisynaptic” if the immunogold–
silver particles were immediately adjacent to or up to 0.10 mm away from
the synaptic density; labeling was described as “extrasynaptic” if the
particles were localized to regions of the plasma membrane .0.10 mm
away from the synaptic density. Elements labeled with peroxidase were
identified by comparing the process with unlabeled elements of the same
type within the adjacent neuropil. These immunoreactive profiles were
recognized by their enhanced density and granularity in comparison with
the unlabeled structures.

The cellular elements and synaptic types were classified according to
Peters et al. (1991). Neuronal profiles not containing synaptic vesicles and
receiving synaptic contacts from axon terminals were identified as den-
drites. Structures 0.25 mm or smaller in diameter, which contained
vesicles but did not make synaptic contacts, were identified as axons.
Those profiles that contained vesicles and were 0.25–1.25 mm in diameter
were classified as axon terminals. Glial processes were identified by the
amorphous shape of the plasma membrane, by the lack of vesicles or
synaptic contacts, and by the presence of glial filaments. Profiles with
membranes contacting each other but not making a synapse were classi-
fied as “apposed” elements. Synaptic junctions were identified as sym-
metric or asymmetric on the basis of thin or thick postsynaptic special-
izations, respectively.

RESULTS
MOR-LI was most often localized to extrasynaptic plasmalemmal
portions of dendrites or dendritic spines, whereas NMDAR1-LI
was more commonly seen in axons. Of 307 profiles containing
MOR-LI, 86 also contained NMDAR1-LI. Most colocalization
was seen in dendrites, but one third was seen in axon terminals. In
addition to colocalization, 76 processes containing MOR-LI were
synaptically contacted by or directly apposed to NMDAR1-labeled
elements. The remainder of MOR-labeled processes showed no
apparent association with profiles containing NMDAR1-LI.

MOR-LI is localized mainly to extrasynaptic plasma
membranes of dendrites and is rarely present in axons
and terminals
MOR-LI was seen mainly in dendrites and dendritic spines in the
shell of the Acb (Fig. 1). As described previously by Svingos et al.
(1996), the immunogold labeling for MOR was primarily localized
along perisynaptic and extrasynaptic regions of the dendritic
plasma membrane (Figs. 2A, 3, 4B). On rare occasions, MOR-LI
was seen at intracellular sites associated with the smooth endo-
plasmic reticulum (Fig. 3A). Dendrites containing MOR-LI were
most often apposed to unlabeled axons and terminals (Fig. 2A).
When junctions were seen, they were primarily asymmetric syn-
apses (Fig. 4B).

MOR-labeling in the Acb was seen less often in small unmyeli-
nated axons and axon terminals (Fig. 1). In these axon terminals,
immunogold particles were associated with both the plasma and
vesicular membranes (Figs. 4A, 5A). MOR-labeled terminals
were either without recognizable synapses or made asymmetric
contact with unlabeled, or occasionally NMDAR1-labeled, den-
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drites or dendritic spines (Fig. 5A). In small, unmyelinated axons,
MOR-LI was localized almost exclusively to the plasma mem-
brane (Fig. 4A); these axons were usually seen in bundles con-
taining other unlabeled axons. Relatively few somata or glial
processes contained detectable MOR-LI (Fig. 1).

NMDAR1-LI is present most often in axons and
terminals but is also seen in dendrites
Immunoperoxidase labeling for NMDAR1 was seen most fre-
quently in axons and axon terminals (Fig. 1). Immunoperoxidase
labeling for the NMDA receptor in presynaptic axons and axon
terminals was usually diffusely distributed in the cytoplasm. The
reaction product, however, was sometimes associated with the
plasma membrane or the membranes of small synaptic vesicles
(SSVs) (Figs. 3, 4A, 5B). Although only slightly more terminals
contained NMDAR1-LI than MOR-LI, substantially more unmy-
elinated axons were labeled for NMDAR1 versus MOR (Fig. 1).
These axons and terminals apposed both unlabeled and MOR-
labeled processes (Fig. 3), and the terminals often made asym-
metric synapses with dendrites or dendritic spines (Figs. 4A, 5B).

NMDAR1-labeled dendrites were less numerous than MOR-
labeled dendrites (Fig. 1). In dendrites containing NMDAR1-LI,
the reaction product was distributed diffusely within the cytoplasm
and was sometimes associated with smooth endoplasmic reticu-
lum or nonsynaptic sites of the plasma membrane in larger den-
drites. Unlike MOR, NMDAR1 labeling in dendritic spines was
often seen along asymmetric synaptic junctions (Fig. 5A). Re-
versed marker studies in which NMDAR1 was identified using
immunogold showed that immunogold–silver particles were also
occasionally associated with asymmetric postsynaptic junctions. In
contrast, MOR immunoreactivity was not seen within synaptic
specializations with the use of either immunogold or immunoper-
oxidase methods.

MOR- and NMDAR1-LI are colocalized in dendrites
Colocalization of MOR- and NMDAR1-LI was seen most com-
monly in dendrites (Fig. 6). More than half of the dendrites and
dendritic spines containing NMDAR1-LI also expressed MOR-

LI, whereas only 30.9% of the MOR-labeled dendrites contained
detectable NMDAR1 (Fig. 7). As seen in singly labeled dendrites,
immunogold localization of MOR was associated mainly with
extrasynaptic regions of the plasma membranes in dendrites and
dendritic spines (Figs. 2B,C). Within the same dendrites, immu-
noperoxidase labeling for the NMDA receptor was distributed
diffusely within the cytoplasm and/or associated with smooth
endoplasmic reticulum in larger dendrites (Fig. 2B). In dually
labeled spines, the peroxidase reaction product was localized
more intensely to asymmetric postsynaptic junctions (Fig. 2C).
The immunogold and immunoperoxidase labeling was occasion-
ally seen along the same regions of the plasma membrane in
dually labeled dendrites. Dendrites and spines that colocalized
MOR and NMDAR1 immunoreactivities received asymmetric
(Fig. 2C) and, more rarely, symmetric synapses from un-
labeled terminals. Dendrites containing MOR- and NMDAR1-LI
also were contacted infrequently by terminals containing
NMDAR1-LI.

Axons containing NMDAR1-LI show synaptic and
appositional contacts with dendrites
expressing MOR-LI
Synaptic and /or appositional contacts between neurons separately
labeled for NMDAR1 and MOR were seen almost as frequently
as dendritic colocalization. Of 76 observed MOR/NMDAR1 ap-
positions, 42 were between MOR-labeled dendrites or spines and
NMDAR1-immunoreactive axons or terminals (Fig. 3). On rare
occasions, the dendrite or spine also contained detectable
NMDAR1-LI. NMDAR1-labeled terminals most often apposed
dendrites and spines without recognizable membrane specializa-
tions (Fig. 3), but they occasionally formed asymmetric synapses
with MOR-immunoreactive dendrites. MOR-labeled dendrites
were infrequently apposed to NMDAR1-labeled dendrites (6 of
76) or glial processes (3 of 76) (Fig. 4B).

MOR-labeled axon terminals and unmyelinated axons also ap-
posed NMDAR1-labeled axons and terminals (18 of 76) (Fig. 4A).
Most often, MOR-labeled terminals apposed other terminals con-
taining NMDAR1-LI, and MOR-labeled axons apposed other axons
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Figure 1. Bar graph showing the
distribution of immunogold-labeled
MOR and immunoperoxidase-labeled
NMDAR1 in neuronal compartments
(dendrites, axons, terminals, somata)
and in glial processes in the Acb. n 5
307 MOR-labeled profiles and n 5 397
NMDA-labeled profiles seen in 7640
mm2 area of tissue.
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that were labeled with NMDAR1. Axo-axonic synapses were not
observed, but terminals labeled with either MOR- or NMDAR1-LI
sometimes made asymmetric contacts on unlabeled spines. In rare
instances, terminals separately labeled for MOR or NMDAR1 con-
verged on unlabeled spines (Fig. 4A). A few terminals containing
MOR-LI also apposed or formed asymmetric synapses with den-
drites or dendritic spines containing NMDAR1-LI (Fig. 5A) (5 of 76)
or apposed glial processes (2 of 76).

MOR- and NMDAR1-LI are colocalized in axons

One third of all colocalization was seen in axons and terminals
(Fig. 6). Terminals containing both receptors were generally 0.25–
1.25 mm in diameter. These terminals contained numerous
densely packed, round SSVs and occasional flattened clear vesi-
cles or large dense-core vesicles. Immunogold labeling for MOR
was associated with the plasma membrane or SSVs of terminals

Figure 2. Electron micrographs through the Acb showing single MOR labeling and dual MOR and NMDAR1 labeling in spiny dendrites. A, A spiny
dendrite (MOR-D) showing plasmalemmal immunogold labeling (arrows) for MOR is apposed to two unlabeled terminals (UT ) and an unlabeled dendrite
(UD). n, Nucleus; m, mitochondrion. B, A dendrite (dl-D) labeled with both immunogold (arrows) for MOR and immunoperoxidase for NMDAR1. UT,
Unlabeled terminal. The electron dense peroxidase reaction product is most evident in the region above a mitochondrion (m) in the dendrite. C, A dually
labeled small dendritic spine (dl-S) shows immunogold (arrow) MOR labeling along a nonsynaptic region of the plasma membrane. In contrast,
immunoperoxidase for NMDAR1 is present within the asymmetric, excitatory-type contact (closed arrowhead ) from an unlabeled terminal (UT ). The
peroxidase reaction product is also diffusely localized within the cytoplasm and the nonsynaptic regions of the plasma membrane. Scale bars, 0.5 mm.
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and axons (Fig. 5C). In the same presynaptic processes,
NMDAR1-LI was also associated with the plasma membrane and
nearby SSVs (Fig. 5C). Terminals containing both MOR- and
NMDAR1-LI were most often surrounded by unlabeled profiles.
When synaptic junctions were seen, dually labeled terminals
formed asymmetric contacts with unlabeled dendrites or dendritic
spines; these synapses occasionally appeared to be perforated.
MOR-labeled terminals more frequently showed detectable
NMDAR1-LI in comparison with the small percentage of
NMDAR1-labeled terminals that contained MOR-LI (Fig. 8).

Glial processes rarely contain MOR- or NMDAR1-LI
NMDAR1-LI was more commonly seen in glial processes than
was MOR-LI (Fig. 1). The labeled glial processes, however, were
still infrequent in comparison with dendritic or axonal localization
of NMDAR1-LI. The NMDAR1-labeled astrocytic processes
were usually apposed to unlabeled profiles, particularly unlabeled
axons and axon terminals forming asymmetric junctions. Glial
processes rarely contained both NMDAR1- and MOR-LI (1 of
86), although some (5 of 76) of the NMDAR1-labeled glial
processes apposed profiles containing MOR-LI. In these pro-
cesses, the NMDAR1-LI was seen most intensely along regions of
the plasma membrane away from the apposed MOR-labeled
profile (Fig. 4B).

DISCUSSION
We have shown that in the shell of the Acb, MOR is localized
mainly to extrasynaptic plasma membranes of dendrites that (1)
express NMDAR1-LI or (2) receive input from NMDAR1-
containing terminals. The results indicate that neurons responsive
to MOR ligands may be subject to either direct or indirect (i.e.,
presynaptic) modulation by NMDA receptor ligands. We also

present evidence that MOR and NMDAR1 are colocalized in
certain axon terminals in the Acb, suggesting their dual involve-
ment in presynaptic release of other neurotransmitters in this
region.

Methodological considerations
MOR and NMDAR1 labeling have been referred to here as “-like
immunoreactivity” (-LI) to include the possibility that other sim-
ilar proteins may be recognized by the antisera and that both
functional and nonfunctional receptors may be detected. We
believe, however, that the localization reflects mainly functional
receptors, because the specificity of both antisera was shown
previously by Western blot, immunoisolation studies, and immu-
nolabeling of transfected cells (Siegel et al., 1994; Arvidsson et al.,
1995). Furthermore, the MOR and NMDAR1 labeling described
here is consistent with receptor autoradiography studies using
radiolabeled ligands (Jarvis et al., 1987; Jacobson and Cottrell,
1993; Mansour et al., 1994).

In the present study using the monoclonal antibody against
NMDAR1, we found a lower incidence of glial labeling and a
higher incidence of axonal labeling in the Acb than was ob-
served previously using a polyclonal NMDAR1 antibody made
against a different region of the R1 subunit (Gracy and Pickel,
1996). This disparity may reflect differences in the proportion
of total neuronal versus glial processes labeled by each anti-
body as well as known differences in antibody specificity to
splice variants expressed specifically in glia (Farb et al., 1995;
Zukin and Bennett, 1995).

We may have underestimated the relative frequencies of asso-
ciation between MOR and NMDA receptors attributable to dif-
ferences in sensitivity and /or penetration of peroxidase and col-

Figure 3. Electron micrographs showing MOR-immunoreactive dendrites in contact with NMDAR1-labeled terminals. A, A dendrite (MOR-D) labeled
with immunogold (arrows) for MOR is apposed by a small terminal (NMDA-T ) labeled with immunoperoxidase for NMDAR1. B, A small preterminal
axon (NMDA-A) containing immunoperoxidase labeling for NMDAR1 apposes a dendrite (MOR-D) labeled with immunogold (arrows) for MOR. The
dendrite is apposed by an unlabeled terminal (UT ). Scale bars, 0.5 mm.
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loidal gold markers, although we examined thin sections from only
the surface of the tissue to minimize this problem. Furthermore,
reversal of markers showed that the distribution of both MOR
and NMDAR1 labeling was similar to that documented with the
original markers, suggesting that the detection of immunoreactive
profiles was largely independent of the detection method. The
proportion of colocalization was also similar in reversed marker
studies.

Dendrites and dendritic spines contain both MOR-
and NMDAR1-LI
In dendrites containing NMDAR1- and/or MOR-LI, MOR label-
ing was seen almost exclusively along the plasma membrane. As
described previously in this region (Hamel and Beaudet, 1984,
1987; Svingos et al., 1996), the MOR-LI was associated primarily
with extrasynaptic or perisynaptic regions of the plasma mem-
brane. This suggests that endogenous opioid ligands for this
receptor (1) are released at synaptic sites and then diffuse to
extrasynaptic functional sites (Sesack and Pickel, 1992) or (2) are
released at nonsynaptic sites by exocytosis from dense-core vesi-
cles (O’Connor et al., 1991). In contrast, in both singly and dually
labeled dendrites, NMDAR1-LI was often localized to asymmet-
ric postsynaptic junctions in dendritic spines, suggesting poten-
tially closer associations between presynaptic release and postsyn-
aptic functions for glutamate.

The presence of MOR in more than half of the NMDAR1-
labeled dendrites suggests that the activity of at least one popu-
lation of spiny neurons is subject to dual modulation by MOR and
NMDA receptor ligands. Both may exert their physiological ef-

fects through calcium channels. MOR agonists decrease ion cur-
rents through calcium channels (Schroeder et al., 1991; Stefani et
al., 1994; Wilding et al., 1995), which are distributed along the
plasma membrane of dendrites (Hoehn et al., 1993; Westenbroek
et al., 1995). Furthermore, the calcium channels have been shown
to change the cellular responsiveness to NMDA receptor ligands
(Huber et al., 1995; Hurt et al., 1995). Thus, when colocalized
within dendrites, MOR activation may modulate the postsynaptic
effects of NMDA receptor ligands by regulating calcium flux.

Colocalization of MOR and NMDA receptors in dendrites also
suggests their involvement in common signal transduction mech-
anisms. In the Acb, MOR ligands increase postsynaptic responses
to NMDA receptor stimulation through activation of protein
kinase C (PKC) and calcium/calmodulin-dependent (CaM) ki-
nase (Chen and Huang, 1991; Kitamura et al., 1993; Martin et al.,
1997). This effect is believed to depend on the ability of PKC to
remove the magnesium block from the NMDA receptor (Chen
and Huang, 1992). Both PKC and CaM kinase are localized to the
postsynaptic density of dendrites (Kitamura et al., 1993), suggest-
ing that this may be a functional site of NMDA receptor activity.

Activation of NMDA receptors through PKC may also be a
mechanism involved in the production of opiate tolerance. PKC
agonists potentiate MOR desensitization (Mayer et al., 1995;
Mestek et al., 1995), whereas PKC antagonists inhibit the devel-
opment of tolerance (Mayer et al., 1995; Narita et al., 1995).
NMDA receptor antagonists also prevent MOR-induced in-
creases in PKC and tolerance (Mao et al., 1994, 1995), suggesting
that dendritic MOR and NMDA receptors may interact through

Figure 4. Electron micrographs showing appositional contacts between MOR-labeled neurons and NMDAR1-labeled neuronal and glial processes. A,
An unlabeled dendritic spine (US) is apposed to a terminal (MOR-T ) labeled with immunogold (arrows) for MOR. The spine also receives an asymmetric,
excitatory-type contact (open arrowhead) from a terminal (NMDA-T ) labeled with immunoperoxidase for NMDAR1. An apposed small unmyelinated
axon (MOR-A) contains immunogold labeling (arrow) along the plasma membrane. B, A glial process (NMDA-G) shows immunoperoxidase reaction
product that is recognizable by the granular precipitate within the cytoplasm and along its irregularly shaped plasma membrane. The peroxidase product
can be seen by comparison with an unlabeled glial process (UG) in the micrograph. The labeled glial process apposes a dendritic spine (MOR-S)
containing immunogold (arrows) for MOR on nonsynaptic regions of the plasma membrane. The spine receives an asymmetric contact (open arrowhead)
from an unlabeled terminal (UT ). NMDA-A, NMDAR1-labeled axon. Scale bars, 0.5 mm.
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common mechanisms such as PKC or CaM kinase to modulate
behaviors associated with opiate administration.

Many MOR-labeled dendrites receive input from
NMDAR1-containing terminals
Dendrites containing MOR, but lacking detectable NMDAR1,
often apposed or received synaptic input from morphologically
heterogeneous NMDAR1-labeled terminals. Some were small
and either lacked recognizable junctions or formed symmetric
synapses. These features are typical of those described for dopam-
inergic afferents (Bouyer et al., 1984; Freund et al., 1984; Sesack
et al., 1994). NMDAR1-LI is present in dopaminergic terminals
(Gracy and Pickel, 1996) where it may modulate presynaptic
dopamine release (Chowdhury and Fillenz, 1991; Krebs et al.,
1991). This suggests that some of the dopamine-mediated effects
of opiate administration (Sharp et al., 1995; Azaryan et al., 1996)
may result from NMDA receptor modulation of dopamine release
onto dendrites also affected by MOR ligands (Sharp et al., 1995).

Other NMDAR1-labeled terminals formed asymmetric syn-
apses with MOR-immunoreactive dendrites and dendritic spines.
Such asymmetric synapses are characteristically associated with
glutamatergic afferents (Carlin et al., 1980), suggesting that auto-
regulation of glutamate release through activation of NMDA

receptors may also contribute to the functional relationship be-
tween opiates and glutamate in the Acb.

MOR- and NMDAR1-LI are colocalized in terminals
The present demonstration that MOR- and NMDAR1-LI are also
colocalized in many small axons and axon terminals provides
direct ultrastructural evidence for functional associations between
MOR and NMDA receptor ligands at presynaptic sites. In singly
and dually labeled presynaptic processes, immunoreactivity for
both MOR and NMDAR1 was associated mainly with nonsynap-
tic portions of the plasma membrane and nearby membranes of
SSVs. This localization is comparable to that described in the Acb
for MOR by Svingos et al. (1996) and for NMDAR1 by Gracy and
Pickel (1996). Many of the terminals containing MOR and
NMDAR1-LI did not form recognizable synapses. This may indi-
cate either that the terminals do not form synapses in this region
or that the receptors are localized to sites away from the synapse.

Occasionally, terminals containing both MOR and NMDAR1
immunoreactivity formed asymmetric contacts with dendrites and
dendritic spines in the Acb, thus suggesting the involvement of
both receptors in the presynaptic release of excitatory neurotrans-
mitters in this region. Although both MOR and NMDA receptors
were shown previously to be present in axon terminals making

Figure 5. Electron micrographs showing labeling for MOR and/or NMDAR1 in axon terminals in the Acb. A, A terminal (MOR-T ) shows immunogold
labeling (arrows) for MOR along nonsynaptic regions of the plasma membrane. This terminal forms an asymmetric synapse with a dendritic spine
(NMDA-S) containing immunoperoxidase reaction product for NMDA. The immunoperoxidase reaction product is associated with the asymmetric
junction (closed arrowhead), which is notably more electron dense than that seen in an unlabeled spine (US) postsynaptic density (open arrowhead ). UT,
Unlabeled terminal; UD, unlabeled dendrite. B, A terminal (NMDA-T ) showing dense immunoperoxidase reaction product for NMDAR1 that rims the
membranes of many small synaptic vesicles (SSVs) forms an asymmetric contact on a dendritic spine. C, A dually labeled axon terminal (dl-T ) contains
both immunogold (arrow) labeling for MOR and immunoperoxidase labeling for NMDAR1. The gold particle is located on the plasma membrane of the
terminal. The peroxidase reaction product is also associated with the plasma membrane ( pm) and the membrane of adjacent SSVs. UT, Unlabeled
terminal. Scale bars, 0.5 mm.
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asymmetric synapses (Gracy and Pickel, 1996; Svingos et al.,
1996), this is the first demonstration that both MOR and NMDA
receptor ligands target the same excitatory afferents to the Acb.
These may include glutamatergic prefrontal cortical projections
(Jaskiw et al., 1991). Several studies in other brain regions also
indicate that enkephalin, acting at presynaptic opioid receptors on
glutamatergic terminals, may inhibit the release of glutamate by
suppressing calcium entry into axon terminals (Hori et al., 1992;
Wilding et al., 1995). Conversely, NMDAR1 is believed to pre-
synaptically autoregulate glutamate release through increased cal-
cium entry (Sherman et al., 1992; Shew et al., 1995). These
findings support the hypothesis that MOR and NMDAR1 recep-

tor agonists have opposing effects in mediating presynaptic cal-
cium influx in the same glutamatergic terminals.

Summary
The results of the present study provide morphological evidence
that there are at least three relevant sites contributing to the
reported functional interactions between MOR and NMDA re-
ceptor ligands in the shell of the Acb. First, colocalization in
dendrites suggests that occupancy of either MOR or NMDA
receptors could alter the postsynaptic responses to the other
receptor ligand. The most likely mechanisms include changes in
the permeability of calcium channels or activity of signal trans-
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duction pathways (Chen and Huang, 1991; Mao et al., 1995;
Wilding et al., 1995). Second, our results indicate that NMDA
receptor ligands may modulate the presynaptic release of other
neurotransmitters (dopamine or glutamate) onto dendrites that
are direct targets of neurons responsive to MOR but not NMDA
receptor activation. Third, the colocalization of MOR and
NMDAR1 in terminals indicates that ligands of both receptors
can alter the presynaptic release of the same neurotransmitters.
Each of these sites may play a distinct role in the locomotor and
motivational effects of opiates in the Acb.
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