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The nucleus accumbens (Acb) is prominently involved in the
aversive behavioral aspects of k-opioid receptor (KOR) ago-
nists, including its endogenous ligand dynorphin (Dyn). We
examined the ultrastructural immunoperoxidase localization of
KOR and immunogold labeling of Dyn to determine the major
cellular sites for KOR activation in this region. Of 851 KOR-
labeled structures sampled from a total area of 10,457 mm2,
63% were small axons and morphologically heterogenous axon
terminals, 31% of which apposed Dyn-labeled terminals or also
contained Dyn. Sixty-eight percent of the KOR-containing axon
terminals formed punctate-symmetric or appositional contacts
with unlabeled dendrites and spines, many of which received
convergent input from terminals that formed asymmetric syn-
apses. Excitatory-type terminals that formed asymmetric syn-
apses with dendritic spines comprised 21% of the KOR-

immunoreactive profiles. Dendritic spines within the neuropil
were the major nonaxonal structures that contained KOR im-
munoreactivity. These spines also received excitatory-type syn-
apses from unlabeled terminals and were apposed by Dyn-
containing terminals. These results provide ultrastructural
evidence that in the Acb shell (AcbSh), KOR agonists play a
primary role in regulating the presynaptic release of Dyn and
other neuromodulators that influence the output of spiny neu-
rons via changes in the presynaptic release of or the postsyn-
aptic responses to excitatory amino acids. The cellular distri-
bution of KOR complements those described previously for the
reward-associated m- and d-opioid receptors in the Acb shell.
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The nucleus accumbens (Acb) is a brain region critically involved
in the locomotor and aversive behaviors associated with dynor-
phin (Dyn) and other k-opioid receptor (KOR) ligands. Selective
KOR agonists, such as U50488 and U69593, attenuate basal and
morphine-induced locomotor activity (Di Chiara and Imperato,
1988; Pearl and Glick, 1996). Moreover, local infusion of KOR
agonists produces conditioned place aversion that is abolished by
Acb lesions (Bals-Kubik et al., 1993; Shippenberg et al., 1993).
Rewarding behaviors, such as morphine-induced place prefer-
ence, are attenuated by KOR activation (Funada et al., 1993). In
this regard, the KOR antagonist nor-binaltorphimine potentiates
morphine withdrawal symptoms, including withdrawal-induced
place aversion (Spanagel et al., 1994).

The behavioral effects of KOR ligands are thought to occur
mainly via presynaptic KOR modulation of transmitter release.
Extracellular dopamine levels in the striatum are modulated by
KOR agonists, including Dyn (Di Chiara and Imperato, 1988;
Mulder et al., 1989; Heijna et al., 1990; Spanagel et al., 1992;
Shippenberg et al., 1996). In addition, KOR activation decreases
glutamate and acetylcholine transmission, presumably via de-
creased transmitter release (Mulder et al., 1984; Lapchak et al.,
1989; Wagner et al., 1992; Schoffelmeer et al., 1997; Rawls and
McGinty, 1998). Effector systems underlying KOR modulation of

neurotransmitter release or efficacy are thought to occur via
changes in ion channel conductance at presynaptic sites (Attali et
al., 1989; Fan et al., 1991; Heijna et al., 1992; Grudt and Williams,
1993; Rhim and Miller, 1994) or via alterations in postsynaptic
potentials (Yuan et al., 1992).

Autoradiographic examination of KOR at the light and elec-
tron microscopic levels shows distribution patterns distinct from
that of m- and d-opioid receptors (MOR and DOR) in most brain
regions (Mansour et al., 1987; Tempel and Zukin, 1987; Jomary et
al., 1992). The Acb, however, shows prominent immunocyto-
chemical distributions of the three opioid receptors, revealing a
patchy distribution of KOR, comparable with that of Dyn
(McGinty et al., 1994; Arvidsson et al., 1995; Mansour et al.,
1996). In the present study, we used electron microscopic immu-
nocytochemistry to determine within the shell compartment of
the rat Acb (AcbSh) (1) the cellular and subcellular distributions
of KOR and (2) the spatial relationship between KOR and its
endogenous ligand Dyn (Chavkin et al., 1982). Our results pro-
vide the first ultrastructural evidence of the major involvement of
KOR in presynaptic transmitter release from morphologically and
perhaps chemically heterogenous axon terminals, including those
containing Dyn. We also show that KOR immunoreactivity is
present within dendritic spines that (1) are postsynaptic to unla-
beled terminals forming excitatory-type synapses and (2) appose
Dyn-containing terminals. These results suggest that in the
AcbSh, KOR activation by locally released Dyn produces major
changes in the presynaptic release of Dyn and other neuromodu-
lators, which can regulate either the presynaptic release of or the
postsynaptic response to excitatory amino acids. These data,
together with our previous studies of MOR and DOR (Svingos et
al., 1996, 1998), the primary mediators of opiate reward, indicate
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that opioids active at their respective receptors target comple-
mentary cellular sites within the AcbSh.

MATERIALS AND METHODS
Antibody specificity. A well characterized anti-peptide antiserum against
the cloned rat KOR was used. A polyclonal antiserum, corresponding to
amino acids 371–380 of the intracellular C-terminal domain, was gener-
ated in rabbit (Drake et al., 1996; Appleyard et al., 1997). The specificity
of the affinity-purified KOR antibody was characterized by (1) ELISA,
(2) Western blot analysis, (3) labeling of Xenopus laevis oocytes trans-
fected with KOR, and (4) preadsorption of KOR-labeled tissue with the
parent peptide.

A guinea pig polyclonal antiserum raised against Dyn was obtained
from Peninsula Laboratories (Belmont, CA). The specificity of the Dyn
antibody was shown by peptide absorption with the parent peptide. The
Dyn immunoreactivity detected with this antiserum displayed a patchy
distribution within the AcbSh, as seen in previous studies using other
Dyn antisera (Fallon and Leslie, 1986).

Immunocytochemistry. Adult male Sprague Dawley rats were anesthe-
tized with sodium pentobarbital (100 mg/kg, i.p.) and perfused 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 the brains were
sectioned 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 was
immersed successively in (1) liquid freon, (2) liquid nitrogen, and (3)
room temperature 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.

For single-labeling experiments with the KOR antibody, tissue sec-
tions that were prepared as described above were incubated for 48 hr at
4°C in primary antiserum (1:1500). For dual-labeling experiments, tissue
sections were incubated in a solution containing the KOR antiserum
(1:500) and the antibody against Dyn (1:2500). For immunoperoxidase
detection of KOR, sections were incubated in (1) biotinylated goat
anti-rabbit IgG (1:400; Vector Laboratories, Burlingame, CA) and (2)
avidin-biotin complex (1:200) (Hsu et al., 1981). The peroxidase reaction
product was visualized with 22 mg of 3,39-diaminobenzidine (Aldrich, St.
Louis, MO) 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 continuous agitation. Sections were rinsed with TBS between
incubations.

The method of Chan et al. (1990) was used for pre-embedding immu-
noperoxidase and immunogold dual-labeling of the tissue. For immuno-
gold–silver detection of Dyn, tissue sections that were processed for
KOR were then (1) incubated for 2 hr in colloidal gold (1 nm)–labeled
anti-guinea pig 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, Arlington Heights, IL).

For electron microscopic detection of the Dyn and/or KOR 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,
Fort Washington, PA) and collected on copper mesh grids in serial order
from the outer surface of the tissue. The sections were then counter-
stained with uranyl acetate and lead citrate (Reynolds, 1963) and exam-
ined with Phillips 201 or CM-10 electron microscopes.

Assessment of cellular elements. The classification of labeled cellular
profiles was based on descriptions of Peters et al. (1991). Somata were
identified by the presence of nuclei. Dendrites were recognized by the
presence of postsynaptic densities and/or an abundance of endoplasmic
reticulum and microtubules. Axons were between 0.1 and 0.5 mm in
diameter and rarely contained small synaptic vesicles (SSVs). Small axon
terminals were between 0.5 and 1.0 mm in diameter and contained a few
SSVs. Large axon terminals contained a relative abundance of SSVs and
were between 1.0 and 1.5 mm in diameter. Synapses were characterized

as either asymmetric (thin presynaptic and thick postsynaptic densities)
or symmetric (equally thin pre- and postsynaptic densities) (Carlin et al.,
1980; Hendry et al., 1983). Nonsynaptic contacts or appositions were
defined as close membranous associations that lacked recognizable spe-
cializations but were not otherwise separated by astrocytic processes.
“Perisynaptic” was defined as the area of the dendritic plasma membrane
that was adjacent to the postsynaptic density. “Extrasynaptic” was de-
fined as that area of the dendritic plasma membrane that was not
adjacent to the synaptic junction.

Data analysis. The total field used for analysis of KOR-like immuno-
reactivity (KOR-LI) 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 KOR-labeled profiles was
verified by examining serial tissue sections, whenever possible. In singly
labeled tissue, the number of KOR-immunoreactive profiles representing
specific neuronal (dendritic, axonal, or somatic) or glial compartments
was determined by analysis of four to six vibratome sections taken from
each of eight animals. From this tissue, we examined a total area of 4225
mm 2 to determine the percent of the total KOR-labeled structures (n 5
851) that were present in each compartment. In dually labeled tissue
sections from six animals, we examined the incidence of association
between KOR- and Dyn-labeled profiles. For this analysis, we deter-
mined in an area of 6232 mm 2 the number of KOR-labeled structures in
each compartment that contained Dyn or apposed Dyn-labeled struc-
tures (n 5 145).

RESULTS
As shown in previous studies, KOR and Dyn immunoreactivities
were seen in patchy light microscopic distributions within the
ventromedial AcbSh shell (Fallon and Leslie, 1986; McGinty et
al., 1994; Arvidsson et al., 1995; Mansour et al., 1996). Ultrastruc-
tural analysis of the more intensely labeled regions showed selec-
tive immunoperoxidase localization of KOR in many neuronal and
in a few glial profiles. Of 851 KOR-labeled structures, 63% were
small axons and morphologically heterogenous axon terminals.
The remainder mainly were dendritic spines and dendrites (26%).
Dual labeling showed the presence of Dyn in axon terminals that
apposed the KOR-immunoreactive profiles or contained KOR-LI.

Morphologically heterogenous axon terminals and
unmyelinated axons contain KOR immunoreactivity
Of 540 KOR-containing axonal profiles, 54% were identified as
axon terminals on the basis of their size (0.5–1.5 mm) and the
presence of SSVs. Within axon terminals, the immunolabeling for
KOR was associated with selective segments of the plasma mem-
brane and with membranes of the SSVs (Fig. 1A). The labeled
terminals were morphologically heterogenous with respect to size
and synaptic specialization. Sixty-eight percent of all KOR-
labeled terminals were small (0.5–1.0 mm) and formed punctate-
symmetrical or appositional contacts with unlabeled dendrites
and dendritic spines (Fig. 1A). The majority of the spines con-
tacted by these KOR-containing axon terminals received conver-
gent input from large unlabeled terminals that formed asymmet-
ric excitatory-type synapses (Fig. 1A). Twenty-one percent of the
KOR-immunoreactive terminals were larger (1.0–1.5 mm in di-
ameter) and formed asymmetric synapses with unlabeled spines.
Finally, ,4% of KOR-immunoreactive terminals were large and
formed symmetric synapses with dendritic shafts. The shafts
usually also received input from other large unlabeled terminals,
forming mainly symmetric but also asymmetric junctions. Forty-
six percent (n 5 247 of 540) of all KOR-labeled axonal profiles
were unmyelinated axons that were ,0.1 mm in diameter. These
axons either were isolated or were grouped in bundles with other
KOR-labeled or unlabeled axons (Figs. 1B, 2).
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KOR-immunoreactive axons and terminals appose
Dyn-labeled axon terminals or contain Dyn
The prominent presynaptic localization of KOR also was seen in
tissue sections that were dually labeled for KOR and Dyn. Al-
though the majority of KOR-labeled axons were not recognizably
associated with Dyn-containing terminals, 31% (84 of 271) of
these axons either apposed Dyn-labeled axon terminals or also
colocalized Dyn immunoreactivity. Appositional contacts com-
prised approximately one-half of these associations and included
KOR-immunoreactive axons, as well as small axon terminals (Fig.
2). Dyn-labeled terminals were large (.0.5 mm in diameter) and
contained many SSVs and often one or more dense core vesicles
(DCVs). Some of these vesicles were located near appositional
contacts with unlabeled dendritic spines and dendrites. KOR
immunoreactivity was not present along membranes of SSVs or
portions of the plasma membrane that were immediately apposed
by Dyn-labeled terminals (Fig. 2).

Approximately 27% of all associations between KOR and Dyn
were axon terminals that contained both antigens. Dually labeled
axon terminals were morphologically similar to the Dyn-
containing terminals described above and contacted unlabeled
dendrites (Fig. 3). In these terminals, KOR-LI also was similar to

that in other axons, in which the labeling was associated with
small segments of the plasma membrane and membranes of both
SSVs and DCVs (Fig. 3). Within dually labeled axon terminals,
the immunoreactivities for KOR and Dyn usually did not overlap.

KOR immunoreactivity is present in dendritic spines
that receive excitatory-type synapses and appose
Dyn-labeled terminals
Dendritic spines comprised 19% (n 5 161 of 851) of the profiles
that contained peroxidase labeling for KOR. The peroxidase
reaction product was diffusely distributed throughout these spines
but appeared more densely located along plasma membranes
(Fig. 4A,B). The identified spines were postsynaptic to unlabeled
terminals forming asymmetric membrane specializations. These
unlabeled terminals were up to 1.5 mm in diameter and contained
many loosely packed SSVs. In labeled spines, the postsynaptic
densities (Fig. 4A) and the perisynaptic portions of the plasma
membrane (Fig. 4B) were intensely immunoreactive for KOR.
KOR immunoreactivity also was localized to discrete extra-
synaptic sites along the plasma membrane that were apposed
to unlabeled profiles, including glial processes, dendrites, and
terminals (Fig. 4A,B). In singly labeled tissue, KOR-
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Figure 1. Electron micrographs showing KOR immunoreactivity localized within axon terminals and axons. A, The peroxidase reaction product for
KOR is localized to a small perisynaptic segment of the plasma membrane (small filled arrow) and to membranes of some small synaptic vesicles (ssvs)
within an axon terminal. The terminal forms a junction (open arrow) with an unlabeled dendrite (ud) and a symmetric synapse (curved arrow) with an
unlabeled dendritic spine (us). The unlabeled spine also receives a perforated asymmetric synapse (open arrows) from an unlabeled terminal (ut). B, The
axons show KOR labeling intensely localized to plasma and vesicular membranes (small filled arrows). The larger labeled axon in B also shows peroxidase
labeling in association with the membranes of ssvs. This axon is apposed to a ut. The smaller axon in B also is adjacent to other unlabeled axons (ua),
although the plasmalemmal appositions are less well defined. Scale bars, 0.2 mm.
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immunoreactive spines also were contacted by other unlabeled
terminals that contained DCVs (Fig. 4A), comparable with those
seen in many Dyn-containing terminals. Dual labeling confirmed
that at least some (5%) of the apposed axons containing DCVs
were immunoreactive for Dyn (Fig. 5). These Dyn-containing
terminals also formed symmetric synapses with unlabeled den-
drites (Fig. 5) but did not synapse with KOR-labeled dendrites.

Somata and large dendrites are immunoreactive
for KOR
Less than 10% of the profiles containing KOR-LI were perikarya
and large dendritic shafts (n 5 59 of 851 KOR-labeled profiles).
The paucity of KOR-labeled perikarya and proximal dendrites
may reflect (1) the proportionally low number of somata and large
dendrites in the neuropil, as compared with axons, terminals, and
smaller dendritic shafts, and (2) the relatively low levels of KOR
immunoreactivity within these larger profiles. KOR-containing
somata generally had round nuclei and an abundance of cyto-
plasm, typical of spiny striatal neurons. Within perikarya and
large dendrites, KOR-LI was localized mainly to membranes of
cytoplasmic organelles, including trans-Golgi lamellae and
smooth endoplasmic reticulum. In comparison with somata,
which showed limited plasmalemmal KOR labeling, KOR-LI

more often was associated with the plasma membrane of den-
drites. Within these dendrites, KOR immunoreactivity was local-
ized to discrete portions of the plasma membrane (Fig. 4A).
KOR-labeled segments of dendritic plasma membranes often
were apposed by unlabeled axon terminals or filamentous glial
processes (Fig. 4A). Occasionally, KOR-LI was also seen along
membranes of smooth endoplasmic reticulum or mitochondria,
located near labeled portions of the plasma membrane. In sec-
tions processed for dual labeling, Dyn-containing terminals rarely
(,1%) contacted KOR-immunoreactive somata and dendrites.
Dyn and KOR immunoreactivities rarely (,1%) were seen
within the same cell body or dendrite.

KOR immunoreactivity is localized to a few
glial processes
Ten percent of the KOR-labeled profiles were astrocytic pro-
cesses (n 5 85 of 851 KOR-immunoreactive profiles), as defined
by their irregular contour and/or intermediate filaments (Peters
et al., 1991). Intense peroxidase labeling for KOR was seen
mainly along plasma membranes of glial processes interposed at
excitatory-type synapses on dendritic spines (Fig. 4C). The label-
ing was selective in that other astrocytic processes, some of which
formed gap junctions with those containing KOR immunoreac-
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Figure 2. Immunoperoxidase labeling for KOR in small axons that appose terminals containing Dyn. A, A KOR-immunoreactive axon (upper small filled
arrow) is apposed to a terminal that contains immunogold–silver particles for Dyn (arrowheads). Other unlabeled (ut) and lightly KOR-labeled terminals
(lower small filled arrow) are seen within the neuropil. B, Small KOR-immunoreactive axons (lower small filled arrows) appose a large axon terminal
containing immunoreactivity for KOR and Dyn. Within the dually labeled terminal, the KOR peroxidase reaction product (upper small filled arrow) appears
more intensely localized to the membranes of large vesicles, whereas the immunogold–silver particles for Dyn (arrowheads) are dispersed within the
cytoplasm. The diffuse peroxidase reaction product in this terminal is not seen in other apposed ut that forms an unlabeled asymmetric synapse (open arrow).
Scale bars, 0.24 mm.
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tivity, were unlabeled (Fig. 4C). KOR immunoreactivity was also
associated with glial filaments.

DISCUSSION
Our results identified axon terminals as the primary site for KOR
modulation of neurotransmission in the AcbSh. We show the
presence of KOR in (1) small axons and terminals having the
morphological features of dopamine- or acetylcholine-containing
neurons and in (2) larger axon terminals that either contained
Dyn or formed excitatory-type synapses. This suggests that in the
AcbSh, KOR plays a primary role in modulating the secretion of
neuromodulators, including Dyn, and to a lesser extent presyn-
aptically modulates the release of excitatory amino acids. At
excitatory-type synapses, we also observed KOR labeling within
postsynaptic spines and in apposing astrocytes. Together these
results suggest that within this region the changes in excitatory
transmission evoked via KOR activation involve not only presyn-

aptic release but postsynaptic responses and possibly glial uptake
of glutamate.

Methodological considerations
The term KOR-LI is used to describe the localization of the
anti-peptide antiserum used in this study and includes the possi-
bility that the antiserum may recognize structurally similar pro-
teins. On the basis of several lines of evidence, however, we
believe that the antiserum specifically recognizes KOR (Drake et
al., 1996; Appleyard et al., 1997).

Avidin–biotin–peroxidase labeling is known to diffuse, which
may lead to artifactual labeling (Beier, 1992). Despite this limi-
tation, the peroxidase reaction product is highly sensitive and
therefore is able to detect discrete subcellular patterns of recep-
tor immunoreactivity. The relative number of somata and large
dendrites containing Dyn and KOR immunoreactivity is likely to
be underrepresented, because Dyn is present in comparatively

3

association with extrasynaptic portions of the plasma membrane (lower small filled arrows). The KOR-labeled spine receives synaptic input from a ut. In
the same field, a KOR-labeled axon (upper small filled arrow) apposes an unlabeled spine (us) that receives an asymmetric synapse (open arrow) from
a ut. C, KOR immunoreactivity is localized along the plasma membrane and diffusely distributed within the cytoplasm of astrocytic processes (asterisks).
KOR labeling also is seen along a gap junction (curved arrow), with an unlabeled glial process. Open arrows are as in B. Scale bars, 0.2 mm.
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Figure 3. Immunoperoxidase labeling for KOR in cytoplasmic granules within axon terminals that contain Dyn. The peroxidase reaction product for
KOR (small filled arrows) is intensely and selectively localized to large vesicles located near contact with an unlabeled terminal forming an asymmetric
axospinous synapse in A and with an unlabeled dendrite in B. Gold–silver particles for Dyn (arrowheads) are more randomly dispersed within the
cytoplasm. The dually labeled axon terminal in A is also apposed to an unlabeled dendrite (ud). In this electron micrograph (A), another Dyn-containing
terminal forms a symmetric synapse (curved arrow) with a ud. This dendrite receives convergent synaptic input (open arrows) from an unlabeled terminal
(ut). Scale bars, 0.24 mm.
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Figure 4. Immunoperoxidase labeling for KOR within dendrites, dendritic spines, and glial processes. A, KOR immunoreactivity is localized to selective
plasmalemmal portions of a large dendrite and a dendritic spine. The most intense labeling in the dendrite (lower small filled arrows) is near (1) an
appositional contact with an unlabeled terminal (ut) forming an asymmetric axospinous synapse (open arrow) and (2) a glial process (asterisks). Within
the spine, the immunoreactivity is seen along an asymmetric postsynaptic density (upper small filled arrows) that is formed by a ut. The KOR-labeled spine
also apposes an unlabeled axon (ua) and an unlabeled dendrite (ud) that contain dense core vesicles (dcvs). B, A dendritic spine contains diffuse
immunoperoxidase reaction for KOR. The most intense labeling is seen along the postsynaptic density and in (Figure legend continues on preceding page)
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low amounts in nonaxonal structures without the use of colchicine
or other mitotic inhibitors to block axonal transport (Bayon et al.,
1979).

KOR immunoreactivity is localized to morphologically
diverse axon terminals
We observed a similar subcellular distribution of KOR immuno-
reactivity among terminals having diverse morphological fea-
tures. The plasma membranes of axons showed intense KOR
labeling, providing possible sites for receptor-mediated attenua-
tion of presynaptic neurotransmission via changes in calcium or
potassium conductance (Gross and MacDonald, 1987; Grudt and
Williams, 1993; Moore et al., 1994). In this regard, N-type calcium
channels, which couple to KOR and regulate transmitter release
(Xiang et al., 1990; Rhim and Miller, 1994), are localized to axon
terminals (Westenbroek et al., 1992). KOR also was frequently
localized to SSVs, suggesting a mechanism for receptor transport
to functional sites and receptor recycling (Broadwell and
Cataldo, 1983; Smythe and Warren, 1991). The distribution along
plasma membranes in morphologically diverse axon terminals
suggests that the labeling represents functional sites at which
KOR plays a role in the regulated release of one or more
neurotransmitters.

Most KOR-immunoreactive axon terminals were small, form-
ing either nonrecognizable or poorly differentiated symmetric
junctions. These morphological characteristics are similar to

those described for catecholaminergic and cholinergic terminals
(Houser et al., 1983; Wainer et al., 1984; Phelps et al., 1985; Pickel
and Chan, 1990). These observations support the possibility of
KOR localization within dopaminergic terminals, consistent with
studies showing that KOR agonists decrease basal and evoked-
extracellular dopamine levels in the striatum and that KOR
activation is dopamine dependent (Di Chiara and Imperato,
1988; Spanagel et al., 1990; Shippenberg et al., 1993). The mor-
phological profile of KOR-immunoreactive terminals also sup-
ports evidence showing that KOR agonists decrease presynaptic
cholinergic transmission (Lapchak et al., 1989; Schoffelmeer et
al., 1997). Furthermore, KOR-labeled terminals contacted targets
that also received input from terminals forming excitatory syn-
apses. Thus, changes in extracellular dopamine or acetylcholine
levels would most likely influence postsynaptic responses but also
may diffuse to alter presynaptic excitatory transmission.

KOR-immunoreactive terminals more rarely formed asymmet-
ric axospinous synapses, typical of glutamatergic terminals (Hen-
dry et al., 1983). The localization of KOR to these terminals is
consistent with studies showing that KOR ligands modulate ex-
tracellular levels of glutamate (Wagner et al., 1992; Simmons et
al., 1994; Rawls and McGinty, 1998). The relatively small number
of KOR-containing terminals forming asymmetric synapses in the
present study suggests that the direct effects of KOR agonists on
glutamate release are relatively minor. Instead, we expect that as
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Figure 5. Immunoperoxidase labeling for KOR in dendritic spines that are postsynaptic to unlabeled terminals and are apposed to Dyn-containing
terminals. A, KOR immunoreactivity is localized to extrasynaptic plasmalemmal portions (small filled arrows) of a dendritic spine. B, KOR labeling seen
more exclusively at the postsynaptic density (small filled arrow) of the spine. Both spines (A, B) receive asymmetric synapses from unlabeled terminals
(ut) and are apposed to terminals that contain immunogold–silver for Dyn (arrowheads). Some gold particles in A and B are clustered over dense core
vesicles (dcv). The gold particle in the unlabeled terminal forming an asymmetric synapse with the KOR-labeled spine in B (circled) is below the number
of particles used for positive identification of Dyn terminals. A, An unlabeled terminal (ut) forms an asymmetric synapse (open arrow) with an unlabeled
spine (us). Scale bars, 0.2 mm.
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discussed above, the effects of KOR agonists on extracellular
glutamate are indirectly mediated via changes in neuromodulator
release. We cannot, however, exclude the possibility that unde-
tectably low levels of KOR are present in excitatory terminals.
The receptor might also be present in larger proportions in
presynaptic axons of excitatory terminals, which only would be
seen in longitudinal sections. In addition, KOR-mediated fluctu-
ations in extracellular glutamate may reflect changes in astrocytic
reuptake (Eriksson et al., 1993; Ruzicka et al., 1995; Gurwell et
al., 1996). A role for KOR in these neuron–glia interactions is
suggested by our data showing KOR-immunoreactive astrocytes
interspersed among terminals forming asymmetric synapses.

KOR is present in axon terminals that either appose
Dyn-labeled terminals or contain Dyn
The majority of KOR-labeled axons in the AcbSh were not in
contact with Dyn-containing terminals, supporting the idea that
neuropeptides diffuse from release sites to activate more distant
receptors (Thureson-Klein and Klein, 1990; Drake et al., 1994).
A few KOR-labeled axons and terminals, however, directly ap-
posed Dyn-containing terminals. Apposing Dyn-labeled termi-
nals were large, contained DCVs and formed symmetric synapses
with unlabeled dendrites. Synaptic specializations between KOR-
and Dyn-labeled terminals were not observed, consistent with the
low incidence of axoaxonic synapses in the striatum (Kemp and
Powell, 1971). Our data provide anatomical evidence of an en-
dogenous source of KOR activation but indicate that Dyn is not
necessarily released near sites of functional activation.

KOR and Dyn immunoreactivities were colocalized within
axon terminals. As reported previously, both antigens were local-
ized to DCVs (Thureson-Klein and Klein, 1990; Drake et al.,
1996). These data indicate that KOR and Dyn may be transported
to functional sites under similar conditions (Schwarzenbrunner et
al., 1990; Drake et al., 1996). Dually labeled terminals were large
and formed symmetric synapses with dendrites, consistent with
the localization of KOR to Dyn-containing neurons containing
substance P or GABA (Pickel et al., 1988; Van Bockstaele et al.,
1995; Drake et al., 1997a). These data suggest that KOR may be
a presynaptic autoreceptor, regulating the release of Dyn or other
transmitters (Gannon and Terrian, 1991).

KOR immunoreactivity is present in dendritic spines,
which appose Dyn-labeled terminals
We observed KOR immunoreactivity within asymmetric postsyn-
aptic densities and extrasynaptic portions of plasma membranes
within dendritic spines. These data suggest that KOR ligands
modulate the postsynaptic responsivity of spiny neurons, possibly
via changes in potassium or calcium channel conductance (Moore
et al., 1994; Simmons et al., 1995). Interestingly, GIRK1, a G-
protein–activated inward-rectifying potassium channel that cou-
ples to KOR in vitro (Henry et al., 1995), also is highly localized
within dendritic spines (Drake et al., 1997b). In addition, our data
provide an anatomical substrate for pharmacological studies,
which predict that KOR ligands can alter postsynaptic responses
via regulation of NMDA or AMPA/kainate receptor function
(Caudle et al., 1994; Kolaj et al., 1995). In this regard, the
postsynaptic localization of NMDA receptors in the AcbSh is
similar to that of KOR (Gracy et al., 1997). These results suggest
that dendritic spines subserve KOR alterations of glutamatergic
transmission via modulation of ion channel flux or synaptic
currents.

KOR-labeled spines usually were not contacted by Dyn-

containing terminals, consistent with the lack of direct association
observed between KOR- and Dyn-labeled axon terminals. These
data support the hypothesis that opioid receptors are activated
nonsynaptically by peptides that are released into the extracellu-
lar space (Jan and Jan, 1983; Herkenham, 1987; Pickel et al.,
1995). There were, however, instances of direct apposition be-
tween Dyn-labeled terminals and KOR-immunoreactive spines.
Presumably, those spines in direct contact with Dyn-containing
terminals could detect small variations in peptide release.

Functional implications
Our results provide the first ultrastructural evidence that KOR
has a heterogenous cellular distribution consistent with involve-
ment in the direct and indirect modulation of excitatory trans-
mission within the AcbSh. The present findings indicate that the
functional sites of KOR activation are mainly axon terminals
containing neuromodulators, such a dopamine, but also include
postsynaptic spines and glia. Although previous localizations of
DOR and MOR in the AcbSh (Svingos et al., 1996, 1998) suggest
that these receptors may also play a major role in determining the
output from the ventral striatum, their primary sites of activation
show notable differences from that of KOR. DOR is mainly
localized to nondopamine-containing terminals that form
punctate-symmetrical and appositional contacts, consistent with
DOR-mediated modulation of acetylcholine release (Heijna et
al., 1990; Svingos et al., 1998) (A. L. Svingos and V. M. Pickel,
unpublished observations). The prominent localization of MOR
to GABA-containing neurons provides an anatomical substrate
for the disinhibitory actions of striatal opioids (Johnson and
North, 1992; Yuan et al., 1992; Svingos et al., 1997). These data
indicate that modulation of excitatory and inhibitory transmission
in the AcbSh is subserved by opioids that target their respective
receptors at differential cellular sites. In contrast, the proportion
of KOR-LI within dendritic spines in the present study is similar
to that of DOR and MOR. This suggests a common postsynaptic
site for modulation of glutamatergic transmission within spiny
projection neurons, a neuronal population critical for the expres-
sion of opiate-induced aversion via KOR, as well as the reward
associated with DOR and MOR (Zito et al., 1985; Hubner and
Koob, 1990).
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