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Physiological studies have indicated that agonists at the
m-opioid receptor (mOR), such as morphine or the endogenous
peptide methionine5-enkephalin, can markedly decrease the
spontaneous activity of noradrenergic neurons in the locus
coeruleus (LC). Messenger RNA and protein for mOR are also
densely expressed by LC neurons. During opiate withdrawal,
increased discharge rates of LC neurons coincide with the
expression of behavioral features associated with the opiate
withdrawal syndrome. To better define the cellular sites for the
physiological activation of mOR in the LC and its relation to
afferent terminals, we examined the ultrastructural localization
of mOR immunoreactivity in sections dually labeled for the
catecholamine-synthesizing enzyme tyrosine hydroxylase (TH).
Immunogold–silver labeling for mOR (i-mOR) was localized to

parasynaptic and extrasynaptic portions of the plasma mem-
branes of perikarya and dendrites, many of which also con-
tained immunolabeling for TH. The dendrites containing exclu-
sively i-mOR were more numerous in the rostral pole of the LC.
The i-mOR in dendrites with and without detectable TH immu-
noreactivity were usually postsynaptic to unlabeled axon ter-
minals containing heterogeneous types of synaptic vesicles
and forming asymmetric synaptic specializations characteristic
of excitatory-type synapses. These results provide the first
direct ultrastructural evidence that mOR is strategically local-
ized to modulate the postsynaptic excitatory responses of
catecholamine-containing neurons in the LC.
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Norepinephrine-containing neurons in the nucleus locus coer-
uleus (LC) are densely innervated by processes containing endog-
enous opioid peptides (Simantov et al., 1977; Pickel et al., 1979;
Khachaturian et al., 1983; Fallon and Leslie, 1986; Drolet et al.,
1992). A significant portion of this opioid innervation derives from
opioid-containing neurons in the nucleus paragigantocellularis
(PGi) in the rostral ventral medulla (Drolet et al., 1992). We have
also shown recently (Van Bockstaele et al., 1995) that morpho-
logically heterogenous terminals containing methionine5-ENK
form synapses with neurons in the LC that are immunoreactive for
the catecholamine-synthesizing enzyme tyrosine hydroxylase
(TH). Ligand autoradiographic studies, in situ hybridization, and
light microscopic immunocytochemistry each have shown that the
LC region contains a high concentration of m-opioid receptors
(mORs) (Atweh and Kuhar, 1977; Tempel and Zukin, 1987;
Arvidsson et al., 1995; Mansour et al., 1995). Activation of LC
mORs by the opioid peptides or by opiate drugs potently de-
creases the spontaneous activity of LC neurons (Bird and Kuhar,
1977; Pepper and Henderson, 1980; Williams et al., 1982; Harris
and Williams, 1991; Alreja and Aghajanian, 1993). The acute

inhibition of LC neurons by opiates is mediated by an activation
of an inwardly rectifying potassium channel via a pertussis toxin-
sensitive G-protein (North and Williams, 1985; Aghajanian and
Wang, 1986). Acute opiate treatment also inhibits LC adenylate
cyclase activity (Duman et al., 1988; Beitner et al., 1989) and
decreases cAMP-dependent protein phosphorylation (Guitart
and Nestler, 1989, 1993; Nestler et al., 1989a,b). These results
suggest that methionine5-ENK may be an endogenous ligand for
the intensely distributed opioid receptors in this region and that
pharmacological occupancy of these receptors by opiate drugs
may contribute significantly to clinically important aspects of the
opiate withdrawal syndrome. The subcellular sites for the physi-
ological effects of mOR activation in the LC have not been
established, however, nor has their relation to afferent pathways
been examined in this region.
To determine potential sites of mOR activation, we have exam-

ined the ultrastructural immunocytochemical localization of mOR
immunoreactivity (Surratt et al., 1994). Dual immunocytochemi-
cal labeling was conducted in the same section of tissue to deter-
mine to what extent LC expression of the mOR is localized to
catecholaminergic neurons and to what extent it is localized
presynaptically to afferent terminals. These results provide the
first ultrastuctural demonstration that the mOR is extensively
localized to extrasynaptic sites along the plasma membrane of
catecholaminergic dendrites in the LC.

MATERIALS AND METHODS
Tissue preparation. Four adult male Sprague–Dawley rats (Taconic
Farms, NJ), each weighing 200–250 gm, were used in this study. The
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animals were anesthetized deeply with sodium pentobarbital and per-
fused transcardially through the ascending aorta with 50 ml of 3.8%
acrolein and 200 ml of 2% paraformaldehyde in 0.1 M phosphate buffer
(PB), pH 7.4. Immediately after perfusion-fixation, the brains were re-
moved, cut into 1–3 mm in thickness coronal slices, and placed in the
same fixative for an additional 30 min. Forty-micrometer-thick sections
were cut through the rostrocaudal extent of the LC using a Vibratome
and collected into 0.1 M PB.
Antisera specificity. The characterization and specificity of the rabbit

antiserum against the mOR and the mouse antibody against TH have
been described previously (Van Bockstaele and Pickel, 1993; Surratt et
al., 1994). The rabbit polyclonal mOR antiserum was raised against a
glutaraldehyde conjugate of the C-terminal 18 amino acids of the rat
mOR and keyhole limpet hemocyanin and specifically recognizes immu-
nocytochemical labeling for mOR in Western blots, immunoprecipitation,
and light microscopic immunohistochemical studies of native mOR and
mOR expressed in cultured cells (Surratt et al., 1994). Immunolabeling
was selectively adsorbed with the appropriate peptide (Fig. 1), with
concentrations of 1 and 10 mg/ml (also see Cheng et al., in press).
Immunodot-blot analysis (Cheng et al., in press) was used to show
specificity of the rabbit antiserum against the mOR peptide. To evaluate
the possible recognition of the primary rabbit antiserum by secondaries
against mouse IgGs in the dual-labeling experiments, some sections were
processed for dual labeling with omission of the mouse antiserum.
Immunocytochemical labeling. The Vibratome sections were placed for

30 min in 1% sodium borohydride in 0.1 M PB to remove reactive
aldehydes (Leranth and Pickel, 1989). Sections were then rinsed exten-
sively in 0.1 M Tris buffered saline (TBS) and incubated for 30 min in
0.5% bovine serum albumin (BSA) in 0.1 M TBS for 30 min before the
primary antibody incubation. Tissue sections containing the LC were
incubated in a cocktail of rabbit anti-mOR antibody (1:20,000 for perox-
idase and 1:10,000 for immunogold–silver; Surratt et al., 1993) and a
mouse monoclonal anti-TH antibody (1:1000; Incstar). Sections were
treated with 0.3% Triton X-100 for light microscopy but lacked Triton
X-100 for electron microscopy.
Methods for dual immunocytochemical labeling have been described

previously (Chan et al., 1990; Van Bockstaele et al., 1994). Two methods

were used to visualize the antisera. In one set of tissue sections, the mOR
was immunolabeled using the immunoperoxidase method, and TH was
identified using immunogold silver. In another set, the secondary antisera
were reversed such that the mOR was localized using the immunogold
silver and TH was localized using the immunoperoxidase method. For
both sets, tissue sections were incubated in the primary antibody for
15–18 hr at room temperature. They were then rinsed three times in 0.1
M TBS and incubated at room temperature for 30 min either in biotiny-
lated goat anti-rabbit (1:400, Vector Labs, Burlingame, CA) for immu-
noperoxidase labeling of the mOR or in horse anti-mouse (Vector Labs)
for immunoperoxidase labeling of TH.
For peroxidase labeling of TH, sections were then incubated in avidin–

biotin complex for 30 min (Vector Labs) (Hsu et al., 1981). For all
incubations and washes, sections were agitated continuously using a
Thomas rotator. TH was then visualized by a 4 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. For mOR immunocytochem-
istry, these sections were subsequently rinsed in 0.01 M PBS and incu-
bated in a solution of 0.01 M PBS containing 0.1% gelatin and 0.8% BSA
for 30 min. Sections were then incubated in a goat anti-rabbit IgG
conjugated to 1 nm gold particles (Amersham, Arlington Heights, IL) for
2 hr at room temperature. These were rinsed in 0.01 M PBS containing the
same concentrations of gelatin and BSA described above and subse-
quently rinsed with 0.01 M PBS. Sections were then incubated in 1.25%
glutaraldehyde in 0.01 M PBS for 10 min followed by a wash in 0.01 M PBS
and then in 0.2 M sodium citrate buffer, pH 7.4. Silver intensification of
the gold particles was achieved using a silver enhancement kit (Amer-
sham). The optimal silver enhancement times were determined empiri-
cally for each experiment and ranged from 7 to 8 min for electron
microscopy and 11 to 12 min for light microscopy (Chan et al., 1990).
For light microscopy, sections were rinsed in 0.01 M PB, mounted onto

gelatin-coated glass slides, air-dried, and coverslipped in DPX (Aldrich).
For electron microscopy, sections were rinsed in 0.1 M PBS and incubated
in 2% osmium tetroxide in 0.1 M PB for 1 hr, washed in 0.1 M PB,
dehydrated, and flat-embedded in Epon 812 (Leranth and Pickel, 1989).
Thin sections of ;55–65 nm were cut from the outer surface of the tissue
with a diamond knife (Diatome, Fort Washington, PA) using an LKB

Figure 1. Light microscopic photomicrographs showing preadsorption of the mOR antibody on sections through the locus coeruleus (LC). A,
Immunoperoxidase labeling of mOR is dense in the LC immediately lateral to the fourth ventricle (IV ) and medial to the mesencephalic nucleus of the
trigeminal nerve (ME5). Note the distribution of peroxidase immunoreactivity for mOR in cell bodies and dendrites of the LC and the lack of
immunolabeling in the superior cerebellar peduncle (scp). B, A section adjacent to the one shown in A after preadsorption of the antiserum with 10 mg/ml
of the cognate peptide. Note that the tissue section is void of peroxidase labeling. Scale bar (shown in B): 250 mm.
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ultramicrotome. These were collected on grids and counterstained with
uranyl acetate and Reynolds lead citrate.
Data analysis. Thin sections of tissue prepared for electron microscopy

were selected immediately adjacent to the fourth ventricle in the region of
TH-labeled dendrites corresponding to Plate 50 of the rat brain atlas of
Swanson (1992). Analysis was performed on thin sections collected suffi-
ciently close to the outer surface of the tissue to permit detection of both
mOR and TH immunoreactivities. The classification of identified cellular
elements was based on Peters et al. (1991). Structures were defined as being
proximal dendrites if they contained endoplasmic reticulum and were .0.7
mm in diameter. Axon terminals were distinguished from unmyelinated
axons based on their content of synaptic vesicles and diameter .0.1 mm. A
terminal was considered to be synaptic when it showed a junctional complex,
a restricted zone of parallel membrane apposition with slight enlargement of
the intercellular space, and/or associated postsynaptic thickening. Asymmet-
ric synapses were identified by the presence of thick postsynaptic densities
(Gray’s Type I; Gray, 1959); symmetric synapses, on the other hand, had thin
densities (Gray’s Type II; Gray, 1959) both pre- and postsynaptically. Non-
synaptic contacts, or appositions, were defined by closely spaced parallel
plasma membranes of immunoreactive axons and other axon terminals or
dendrites. These lacked recognizable specializations and were not separated
by glial processes.
Tissues from animals with the best immunocytochemical labeling and

preservation of ultrastructural morphology were included in the analysis.
At least 10 grids containing 5–10 thin sections each were collected from
the surface of three or more plastic-embedded sections containing the LC
from each animal. Photographs were taken only when both the immuno-
peroxidase reaction product and the immunogold–silver deposits were
clearly visible in the same thin sections analyzed. This was done so that
results obtained from the quantification of the data were not thwarted by
uneven penetration of antisera.

RESULTS
By light microscopy, mOR was prominently localized to neurons
throughout the LC (Fig. 2A–C) using either immunoperoxidase
or immunogold–silver labeling methods. At higher magnification,
the peroxidase reaction product for the mOR showed a punctate
distribution within LC perikarya and dendrites (Fig. 2B) with no
immunocytochemical labeling apparent in their nuclei (Fig. 2B).
In dually labeled sections of tissue, the intensity of immunolabel-
ing for TH almost completely obscured the light microscopic
detection of mOR in the compact region of the LC, regardless of
which markers were used. In the rostral pole of the LC, however,
the more sparse distribution of catecholaminergic neurons facili-
tated the detection of dually labeled neurons (Fig. 2D). At this
rostral level, using a peroxidase marker for TH and gold–silver for
mOR, high magnification light microscopy enabled a clearer dif-
ferentiation of both labels. Gold–silver immunolabeling for mOR
often seemed to circumscribe somata and dendrites containing
peroxidase reaction product for TH (Fig. 2D).

LC i-mOR is localized primarily to catecholaminergic
dendrites and perikarya
By electron microscopy, TH-immunoreactivity was identified in
perikarya, dendrites, and axon terminals, whereas mOR labeling
was localized to perikarya and dendrites (Figs. 3, 4, 7, 8) and
sometimes to unmyelinated axons and glial processes in the LC
(see Fig. 8). A similar pattern of labeling was seen when either
peroxidase or gold–silver labels for mOR were used; however,
plasmalemmal distributions were seen most clearly when the
immunogold–silver method was used. Gold–silver labeling for
mOR which was not associated with cellular membranes, judged
spurious, was negligible. Therefore, profiles containing as little as
one gold–silver particle were classified as immunolabeled.
Dendrites constituted 80% (n 5 200), perikarya constituted

10% (n5 25), and axons and glia constituted 10% (n5 25) of the
total population of mOR-labeled neuronal profiles examined (n5
250). Numerous dendrites containing mOR were also dually la-

beled for TH. Of the dendrites containing i-mOR (n 5 200), 49%
(n 5 98) also contained immunolabeling for the catecholamine-
synthesizing enzyme TH.
Gold–silver labeling for mOR was preferentially associated with

the cytoplasmic surfaces of plasma membranes of dendrites and
perikarya (Figs. 3, 4, 5). The gold–silver particles were localized
extensively along parasynaptic (Fig. 3A) as well as extrasynaptic
(Figs. 3B, 4) portions of the dendritic membranes. Parasynaptic
labeling was defined by the presence of gold–silver particles lo-
cated along portions of the plasma membrane a short distance
from the active zone (Fig. 3A), whereas extrasynaptic labeling
consisted of gold–silver deposits along any portion of the plasma
membrane of dendrites (Figs. 3B, 4A,B) or perikarya (Figs. 7, 8)
in which synaptic input was not seen within the sections examined.
Dendrites and perikarya containing i-mOR along parasynaptic
portions of their plasma membranes were often apposed by as-
trocytic processes that usually lacked mOR-labeling (Figs. 4, 5, 7,
8). Occasionally, gold–silver particles were associated even more
closely with the active zone (Fig. 8) of perikarya or dendrites
receiving synaptic contacts from unlabeled terminals; however,
these were still usually located somewhat lateral to the postsyn-
aptic specialization. Some gold–silver particles were also occa-
sionally distributed within the cytoplasm of dendrites and
perikarya. These were usually seen near saccules of smooth en-
doplasmic reticulum (Fig. 8).
Peroxidase labeling of mOR yielded a more diffuse pattern of

immunoreactivity (Fig. 6) than that observed with the immuno-
gold–silver method. Although denser peroxidase reaction product
appeared along portions of the plasma membranes (Fig. 6), some
peroxidase labeling could also be identified within cytoplasmic
compartments of perikarya and dendrites.

i-mOR is localized to dendrites receiving asymmetric
synaptic contacts
Unlabeled axon terminals were often directly apposed to perikarya
and dendrites containing i-mOR (Figs. 3, 5–8). Of the dendrites
containing i-mOR (n 5 200), 81% (n 5 162) were apposed by
unlabeled axon terminals. Of these axon terminals (n 5 162), 45%
(n 5 73) formed asymmetric-type synaptic contacts. These axon
terminals contained abundant small (30–40 nm) clear spherical
vesicles (Figs. 3, 4, 6), which were either aggregated near the region
of synaptic contact or distributed throughout the axoplasm (Figs.
3A,B, 4A, 6A,B). They also frequently contained at least one but
sometimes as many as seven or more large dense-core vesicles (Figs.
3, 6). The dense-core vesicles were located primarily along the
perimeter of the axonal membrane distal to the synaptic contact with
dendrites (Figs. 3A, 6A). More commonly, the dense-core vesicles
were located near portions of the axonal plasmalemma near astro-
cytic processes (Figs. 3A, 6A). The astrocytic processes often directly
intervened between neighboring TH-labeled (Fig. 6A,B) or unla-
beled dendrites (Fig. 4B). In contrast, of the axon terminals in
synaptic contact with mOR-labeled dendrites (n 5 162), only 15%
(n 5 24) formed symmetric-type synapses (not shown). The remain-
ing axon terminals (n 5 65) apposed to the mOR-labeled dendrites
could not be classified into either category (i.e., asymmetric vs sym-
metric), because the synaptic specialization was not evident in the
plane of section analyzed.
The mOR-labeled recipient dendrites were medium in size and

ranged from 0.5 to 2.0 mm in cross-sectional diameter (mean:
0.7 6 0. 2 mm). Other smaller processes (,0.3 mm in cross-
sectional diameter) also contained i-mOR immunoreactivity.
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Figure 2. Light microscopy showing the cellular localization of the mOR and its relation to TH in the nucleus locus coeruleus (LC). A, In the dorsal pons
at the level of Plate 52 in the rat brain atlas of Swanson (1992), dense peroxidase reaction product for mOR is seen immediately adjacent to the fourth
ventricle (IV ). Immunolabeled processes extend medially (straight black arrow) in a zone known to contain dendrites of the noradrenergic neurons of the
LC. cb, Cerebellum; scp, superior cerebellar peduncle. Arrows point dorsally (D) and medially (M). B, A higher-magnification photomicrograph from the
same level as in A showing mOR immunoreactivity (curved arrows) near the perimeter of perikarya, the cytoplasm and nuclei of which are unlabeled (small
black arrows). The larger straight black arrow points to the medial aspect of the LC, which contains extensive noradrenergic dendrites. C, mOR
immunoreactivity in the rostral pole of the LC rims the plasma membrane of a compact group of unlabeled perikarya. A punctate staining pattern (curved
arrow) is seen within a region of the LC known to contain extensive noradrenergic dendrites (straight black arrows). In D, i-mOR labeling (open curved
arrows) appears as a dark halo along the perimeter of TH-labeled cell bodies (closed curved arrows) and dendrites (straight black arrows). One TH-labeled
cell with a long proximal dendrite (small black arrowheads) contains mOR labeling along its plasma membrane. Scale bars: A, 250 mm; B, 100 mm; C, 225
mm; D, 20 mm.
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Figure 3. Unlabeled terminals form asymmetric (excitatory-type) synaptic junctions with dendrites containing peroxidase reaction product (black diffuse
precipitate) for tyrosine hydroxylase (TH ) and immunogold–silver (large dense particles at arrowheads) for the m-opioid receptor (mOR). A, A small
dendrite containing mOR 1 TH immunoreactivities receives an asymmetric-type synapse (open curved arrow) from an unlabeled terminal. The unlabeled
terminal contains numerous small clear vesicles and a few large dense-core vesicles (dcv) and is apposed to an astrocytic process (asterisks). The unlabeled
terminal is partially enveloped (black curved arrow) by an extension of the dendritic plasma membrane showing the presence of two gold–silver deposits
(black arrowheads) for mOR. ma, Myelinated axon. B, Two unlabeled terminals (ut) containing small clear and large dcvs form asymmetric synapses (open
curved arrows) with two TH-labeled dendrites (D1 and D2). A small dually labeled process (p) lies adjacent to the D2 and the dorsal ut. Another
TH-labeled dendrite (D3) contains gold–silver deposits for mOR along its plasma membrane adjacent to the more ventral ut. Scale bar for A, 0.4 mm.
Asterisks denote astrocytic processes. Scale bar for B, 0.5 mm.
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Figure 4. Plasmalemmal distribution of immunogold–silver labeling for m-opioid receptor (mOR) in dendrites containing peroxidase reaction product for
tyrosine hydroxylase (TH ) in the nucleus locus coeruleus. A, B, Two longitudinally sectioned dendrites contain peroxidase labeling for TH (small black
arrows) and possess gold–silver deposits (arrowheads) for i-mOR along their plasmalemmal surface. In A, an unlabeled terminal (ut) forms a synaptic
contact (open curved arrow) with the mOR 1 TH-labeled dendrite. Another axon terminal containing numerous dense-core vesicles (dcv) is also apposed
to the mOR 1 TH-labeled dendrite. An astrocyte containing filamentous ( f ) processes and bundles of unmyelinated axons (a) can also be identified in
the neuropil. In B, a mOR1 TH-labeled dendrite is enveloped by an astrocytic process (asterisks) and receives no synaptic contacts in this plane of section.
A dendrite containing one gold–silver particle (arrowhead) along its plasma membrane is located immediately adjacent to the mOR 1 TH dendrite but
is largely separated from it by an astrocytic process (asterisks). This dendrite receives a synaptic contact (curved black arrow) from an unlabeled terminal
containing a dcv. This dendrite lacks the diffuse cytoplasmic labeling indicative of peroxidase reaction product for TH. Scale bars: A, 0.4 mm; B, 0.5 mm.
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These usually contained few cytoplasmic organelles and had ul-
trastructural features characteristic of dendritic spines.

i-mOR is occasionally localized to unmyelinated axons
and axon terminals
Ten percent of the neuronal profiles containing i-mOR were
unmyelinated axons and glial processes. i-mOR associated with
small unmyelinated axons was observed when either labeling
method was used (Figs. 5, 6A). The i-mOR unmyelinated axons
were often found within bundles that also contained other unla-
beled, unmyelinated axons (Figs. 5, 6A). Some small unmyeli-
nated axons were also in direct contact with larger myelinated
axons (Fig. 5). A few mOR-labeled neuronal profiles were con-
sidered to be axon terminals on the basis of their larger diameters
and accumulation of synaptic vesicles (Fig. 7). In mOR-labeled
axon terminals, isolated gold–silver deposits were associated with
the plasma membranes and were also seen near synaptic vesicles
(Fig. 7). The mOR-labeled axon terminals were apposed to either
unlabeled dendrites or unlabeled axon terminals.

i-mOR is also sometimes found over closely investing
glial processes
Perikarya and dendrites containing i-mOR immunoreactivity were
often enveloped by glial processes (Figs. 3–8). Almost 90% of the
profiles containing mOR immunoreactivity were apposed to a glial

process along some portion of their plasma membrane. Such pro-
cesses separated mOR-labeled dendrites from other terminals (Fig.
6B) or from unlabeled or TH-labeled dendrites (Figs. 4B, 6B).
Furthermore, some glial processes seemed to closely envelop com-
plexes of mOR-labeled dendrites and axon terminals that formed
synaptic contacts with their postsynaptic targets (Fig. 6), such that the
only elements that the unlabeled terminal could contact would be the
target dendrite or the glial process. Recognizable astrocytic processes
containing bundles of filaments rarely showed immunogold–silver
labeling for mOR (Fig. 8). In some cases, however, the plasma
membranes of glial processes near or apposed to mOR-labeled
neurons were also immunolabeled for mOR (Fig. 8).

DISCUSSION
The results of this study provide the first ultrastructural evidence
that mOR immunoreactivity is localized prominently to parasyn-
aptic and extrasynaptic portions of dendritic and somatic plasma
membranes of noradrenergic neurons of the LC. The mOR-
labeled dendrites were preferentially targeted by axon terminals
containing heterogeneous types of synaptic vesicles and forming
primarily asymmetric (excitatory-type) synapses. Some i-mOR im-
munoreactivity was also associated with small unmyelinated ax-
ons, axon terminals, and possibly glial processes. Finally, we
showed a more prominent differential distribution of mOR immu-

Figure 5. In the rostral pole of the LC, dendrites differentially express gold–silver labeling for the m-opioid receptor (mOR) and immunoperoxidase
labeling for TH. One TH-labeled dendrite (TH ) is apposed to a myelinated axon (ma). A similarly TH-labeled dendrite in the upper right of the
micrograph is located near unlabeled terminals (ut) but appears largely separated from the neuropil by a glial process (asterisks). A nearby dendrite shows
gold–silver labeling (arrowheads) for mOR along the plasma membrane but does not contain TH immunoreactivity. A TH-labeled axon (TH-a) can be
identified among other unlabeled axons (a). Additionally, a process ( p) resembling an unmyelinated axon contains gold–silver labeling for mOR. Scale
bar, 0.5 mm.
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Figure 6. Electron micrographs showing peroxidase labeling for the m-opiate receptor (mOR) in dendrites with and without immunogold–silver labeling
for tyrosine hydroxylase (TH ). A, Two unlabeled terminals containing dense-core vesicles (dcvs) form asymmetric synapses (open curved arrows) onto a
common mOR-labeled dendrite. This dendrite lacks gold–silver labeling for TH, although TH-immunoreactivity is clearly present in the neuropil. The
unlabeled terminals containing the dcv are apposed by astrocytic processes (asterisks). Note bundles of unmyelinated axons (a) in the neuropil. In these
bundles, occasional axons contain peroxidase labeling for mOR (straight black arrows). B, Two dendrites containing peroxidase labeling for mOR also
contain gold–silver labeling for TH. An unlabeled terminal (ut), which is enveloped by an astrocytic process (asterisks), forms a synaptic contact (open
curved arrow) with a dendrite containing mOR 1 TH. The mOR 1 TH dendrite also receives convergent input from another ut that contains a dcv. The
astrocytic process (asterisks) separates the ut from another mOR 1 TH-labeled dendrite. Note that an unlabeled terminal containing dcvs is directly
apposed to an unlabeled dendrite (uD). Throughout the neuropil, dcvs are apposed to portions of the plasma membranes, which are in direct contact with
astrocytic processes (asterisks). Scale bars: A, 0.5 mm; B, 0.6 mm.
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noreactivity along extrasynaptic portions of dendrites with and
without detectable levels of the catecholamine-synthesizing en-
zyme TH in the rostral pole of the LC.

Methodological considerations
Previous experiments have shown the characterization of the
polyclonal antiserum used in the present study, including Western
blotting, immunoprecipitation, and light microscopic immunohis-
tochemical studies (Surratt et al., 1994). Selective, adsorbable
immunocytochemical labeling within various brain regions and
immunodot-blot preparations performed in our laboratory have
shown that the antibody recognizes amino acid sequences within
mOR, but not sequences of d or k receptors (Cheng et al., in
press). Most of the reaction product for mOR was localized to the
cytoplasmic side of the plasma membranes of perikarya and
dendrites, which is consistent with current models in which the
mOR C-terminus amino acid sequence is thought to be cytoplas-
mic (Wang et al., 1993). The mOR immunoreactivity was also
associated with saccules of smooth endoplasmic reticulum within
the cytoplasm (Fig. 8). Such organelles are involved in the intra-
cellular transport of plasma membranes and plasma membrane
proteins from the cell somata to dendrites and axon terminals

(Rodriguez-Boulan and Powell, 1992). The monocolonal anti-
serum against TH also specifically recognizes the catecholamine-
synthesizing enzyme (Van Bockstaele and Pickel, 1993).
The quantitative approach used in the present study has been

discussed previously (Van Bockstaele and Pickel, 1993; Van Bock-
staele et al., 1994). To ensure the reproducibility of the quantita-
tive evaluation of the types of junctions formed by immunoreac-
tive processes and/or their frequency of association with other
labeled or unlabeled cellular constituents, our analysis was re-
stricted to sections collected from the surface of the tissue, which
ensured that both markers were detectable in all sections used for
analysis (Chan et al., 1990).
The intense distribution of i-mOR immunoreactivity in the LC is in

agreement with previous studies that used autoradiography to local-
ize mOR ligands in this region (Atweh and Kuhar, 1977; Tempel and
Zukin, 1987), as well as studies showing that mOR mRNA is ex-
pressed by cells in the LC area (Mansour et al., 1995). The method-
ology used here, however, complements and extends results from
receptor autoradiography (Atweh and Kuhar, 1977; Tempel and
Zukin, 1987), because it displays much higher resolution such as
determinations of mOR distributions within neurons, astrocytic pro-

Figure 7. Low-magnification electron micrograph showing peroxidase reaction product for tyrosine hydroxylase (TH ) in a soma, defined by the presence
of a nucleus (Nu), which contains prominent plasmalemmal immunogold–silver labeling (arrowheads) for the m-opioid receptor (mOR). An unlabeled
terminal (ut), which contains several dense-core vesicles (dcv), is separated from the mOR 1 TH-labeled dendrite by an astrocytic process (asterisks). The
astrocytic process envelops the entire soma (asterisks). The neuropil is also enriched with numerous TH-labeled dendrites, most of which have little or
no immunogold–silver labeling for mOR. An unlabeled dendrite (uD) can be seen in the neuropil in the upper right portion of the micrograph. Some
isolated axon terminals (t) contain one or more gold–silver deposits (arrowheads) for mOR. Scale bar, 1 mm.
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Figure 8. Low-magnification electron micrograph showing peroxidase reaction product for TH and immunogold–silver labeling for m-opiate receptor
(mOR) in neuronal and glial profiles in the rostral pole of the LC. Immunoperoxidase labeling for TH can be detected in a dendrite (TH ) among numerous
unlabeled dendrites (uD) in the neuropil. The TH-labeled dendrite is enveloped by an astrocytic process (asterisks). One uD is directly apposed by
unlabeled terminals (ut), two of which contain large dense-core vesicles (dcv). Immunogold–silver labeling for mOR is localized to a soma containing a
nucleus (N). The gold–silver labeling for mOR is primarily localized to the plasmalemmal surface of the soma (arrowheads); however, some gold–silver
particles (black curved arrows) are also distributed within the cytoplasm. The gold–silver particles in the cytoplasm are sometimes associated with smooth
endoplasmic reticulum (ser). At the top of the micrograph, a ut can be seen to form a synaptic contact (open curved arrow) with the mOR-labeled soma.
Note the location of two gold–silver particles near the site of the synaptic junction. Astrocytic processes (asterisks) envelop the soma along other portions
of its plasmalemma. Note numerous gold–silver deposits (small straight arrows) associated with glial processes within the neuropil. Scale bar, 2.0 mm.
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cesses, or axon terminals, and differential localization of mOR with
respect to perikarya and dendrites. These are important issues be-
cause immunocytochemical and Golgi examinations have indicated
that dendrites from LC neurons ramify extensively outside of the cell
body region (Swanson, 1976; Grzanna and Molliver, 1980; Aston-
Jones et al., 1991; Shipley et al., 1996).

Neuronal plasmalemmal localization
i-mOR was identified predominantly along parasynaptic and ex-
trasynaptic portions of the plasma membranes of LC perikarya
and their dendrites; about half of the dendrites contained TH.
Interestingly, little immunolabeling for mOR was observed at the
zone of synaptic contact with the postsynaptic target. Some
(Nusser et al., 1995) have suggested that lack of immunoreactivity
for receptors at the active zone may be the result of methodolog-
ical approaches. Nusser et al. (1995) failed to obtain immunola-
beling for the GABA-A receptor at the active zone using preem-
bedding immunoelectron microscopy, but they were successful
when using postembedding immunoelectron microscopic meth-
ods. We believe, however, that the largely parasynaptic and ex-
trasynaptic accumulation of reaction product for i-mOR in our
study most likely represents the functional subcellular distribution
of the mOR protein in the LC. First, the observed similarities in
immunolabeling obtained with immunogold–silver and peroxidase
methodologies and the detection of labeling at parasynaptic and
extrasynaptic sites with both methods makes it unlikely that this
distribution reflects only incomplete penetration to postsynaptic
zones (Nusser et al., 1995). Second, the parasynaptic and extra-
synaptic localization of mOR is also supported by our previous
observation that large dense-core vesicles containing one of the
potential endogenous opioid peptides for mOR, methionine5-
ENK (Van Bockstaele et al., 1994), are rarely clustered at the
synaptic specialization but are more often localized to the perim-
eter of axon terminals. This distribution is analogous to that of the
dense-core vesicles in unlabeled axon terminals contacting the
i-mOR dendrites in the present study. This suggests, therefore,
that the distribution of receptive sites for opioid peptides may be
more complex, because release may occur from dense-core vesi-
cles at extrasynaptic sites (Zhu et al., 1986; Pickel et al., 1995). In
some cases, however, when either peroxidase or gold–silver mark-
ers were used for localizing mOR, some synaptic junctions ap-
peared to be immunolabeled (Figs. 6A, 8). These immunolabeled
synapses were usually associated with unlabeled axon terminals
forming asymmetric type contacts.
The presence of mOR in LC perikarya and dendrites and its less

frequent distribution in axons and axon terminals suggests that
this receptor may function primarily in a postsynaptic manner in
LC. Although the mid-LC region displayed a preponderance of
perikarya and dendrites that contained both mOR and TH, LC
dendrites in the rostral pole frequently contained mOR immuno-
reactivity but lacked TH labeling. These data suggest that mOR
activation may include noncatecholaminergic neurons in this
brain region and afferents to this region.

Input from axon terminals containing heterogeneous
synaptic vesicles
Axon terminals in synaptic contact with mOR-labeled perikarya
and dendrites contained both small clear vesicles and large dense-
core vesicles and more often formed asymmetric-type specializa-
tions, suggesting that they may contain an excitatory transmitter,
i.e., glutamate and a neuropeptide (Zhu et al., 1986; Pickel et al.,
1995). Such a distribution of synaptic vesicles is characteristic of
opioid-containing terminals (Van Bockstaele et al., 1995) in the

LC and has been described in other brain regions, including the
area postrema and the nucleus of the solitary tract (Pickel et al.,
1979; Armstrong et al., 1981). The potential colocalization of
endogenous opioid peptides and glutamate has yet to be estab-
lished unequivocally in individual axon terminals of the LC but is
also suggested by our previous study (Van Bockstaele et al., 1995).
mOR agonists (1) inhibit the spontaneous activity of LC neurons
(North and Williams, 1985; Aghajanian and Wang, 1986; North et
al., 1987), (2) inhibit LC adenylate cyclase activity (Duman et al.,
1988; Beitner et al., 1989), and (3) decrease LC cAMP-dependent
protein phosphorylation (Guitart and Nestler, 1989, 1993) in
neurons of the LC. Our study shows that many of the unlabeled
terminals that formed synaptic contacts with mOR-labeled den-
drites were characteristic of excitatory transmission (Carlin et al.,
1980; Valtschanoff et al., 1994). Differential release of the excita-
tory transmitter and the opioid peptide could potentially explain
these discrepancies. Further studies are required to determine
whether opioid peptides are colocalized with excitatory transmit-
ters such as glutamate, and if so, whether the afferent terminals
differentially release these transmitters.
The location of the dense-core vesicles along the perimeter of the

plasma membranes of axon terminals is interesting in light of poten-
tial sites of transmitter release. Our localization of i-mOR to primar-
ily parasynaptic and extrasynaptic portions of the plasmalemma of
perikarya and dendrites of LC neurons suggests that the endogenous
peptide may be released from sites distal to the zone of synaptic
junction, as suggested for other brain regions (Cheng et al., in press;
Svingos et al., in press). Release from extrasynaptic portions of the
plasma membrane rather than at the active zone (Zhu et al., 1986)
may be characteristic of peptides. Astrocytic processes were com-
monly found apposed to portions of the plasmalemma in contact
with dense-core vesicles. It is conceivable that glial processes may
serve to facilitate diffusion of the transmitter into the neuropil to
receptive sites on extrasynaptic portions of the postsynaptic cell
(Pickel et al., 1995). It has been shown in other brain regions that
astrocytes can produce enkephalin (Schwartz et al., 1994). In the
noradrenergic neurons of the nucleus of the solitary tract,
b-adrenergic receptors are localized to astrocytes that surround
TH-immunoreactive neurons (Aoki and Pickel, 1992). Moreover,
b-adrenergic receptors stimulate the production of preproenkepha-
lin in astrocytic cultures (Schwartz et al., 1994). This evidence sug-
gests a potentially novel form of communication in which noradren-
ergic release from dendrites or afferents to the LC may stimulate the
production of enkephalin peptides that are released to activate the
m-opioid receptive sites on perikarya and dendrites of the LC. Fur-
thermore, mOR receptive sites on astrocytic processes may indirectly
affect the activity of noradrenergic LC neurons (Stiene-Martin and
Hauser, 1993; Stiene-Martin et al., 1993). Such functional relation-
ships could be particularly significant during development or in
drug-induced synaptic plasticity.
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