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We have recently developed antisera which recognize ep- 
itopes of the cloned 6-opioid receptor (DOR; Dado et al., 
1993). In the present report we have further characterized 
these antisera, and raised additional antisera in rats. We 
used these antisera to determine the distribution of DOR- 
like immunoreactivity (-LI) in rat spinal cord and brainstem 
in relation to serotoninergic, noradrenergic, and enkephal- 
inergic neurons. We found DOR-LI in fibers and varicosities 
distributed throughout the spinal cord gray matter, with 
highest densities in the superficial dorsal horn, in auto- 
nomic regions, around the central canal as well as in the 
ventral horn motor nuclei. In the brainstem a dense inner- 
vation of DOBimmunoreactive (-IR) fibers was found in 
several nuclei such as spinal trigeminal nuclei, midline ra- 
phe nuclei, parabrachial nuclei, periaqueductal gray matter 
(PAG), interpeduncular nucleus, and substantia nigra. A 
group of DOR-positive cells was seen in the laterodorsal 
tegmental nucleus. In addition, a few DOR-IR cell bodies 
were demonstrated in the parabrachial nuclei, interpedun- 
cular nucleus, PAG, and superior and inferior colliculi as 
well as around the central canal in the spinal cord. All DOR- 
positive cells showed a punctuate staining pattern within 
the cytoplasm of the cell body and in primary dendrites. No 
plasma membrane staining of cells or dendrites could be 
demonstrated using the DOR antisera. 

Double-labeling experiments for DOR and Shydroxytryp- 
tamine (5HT, serotonin) revealed that some JHT-IR neurons 
in the raphe complex were surrounded by DOR-IR fibers. 
In the spinal cord a high degree of coexistence was found 
between DOR and 5HT in nerve fibers and varicosities in 
the neuropil around the motoneurons and in lamina V of 
the dorsal horn. In autonomic regions of the spinal cord, a 
low degree of colocalization was seen between DOR and 
5HT; in the superficial dorsal horn no coexistence was 
found. Tyrosine hydroxylase (TH)-positive neurons in the 
brainstem (in the A5 area, locus coeruleus, and A7 area) 
were apposed by DOR-positive fibers. However, no coex- 
istence could be seen between DOR and TH in any part of 
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the spinal cord. A close relation, but no coexistence, was 
observed between DOR- and enkephalin (ENK)-IR fibers in 
the spinal cord ventral horn; in the intermediolateral nucle- 
us a low degree of colocalization was observed. 

Thus, a S-opioid receptor may affect the activity of de- 
scending serotoninergic and noradrenergic neurons by 
means of modulating the release of neurotransmitters from 
afferents to these neurons. In addition, b-opioid receptors 
appear poised to modulate the release of 5HT (and coex- 
isting peptides) from fibers in the spinal cord ventral horn 
and lamina V. However, these receptors appear unlikely to 
be importantly involved in modulation of the release of cat- 
echolamines or enkephalin in the spinal cord, or in modu- 
lation of the release of 5HT in the superficial dorsal horn. 
Finally, these data suggest that the antisera used prefer- 
entially localize a S-opioid receptor which is targeted to the 
axonal compartment of neurons, and thus this receptor 
most likely functions at a presynaptic site. 

[Key words: Shydroxytryptamine, tyrosine hydroxylase, 
opioids, opioid receptor, coexistence, motoneurons, inter- 
mediolateral cell column, dorsal horn, raphe nuclei, nor- 
adrenergic nuclei, compartmentalization, presynaptic re- 
ceptor] 

The endogenous opioids enkephalin, dynorphin, and B-endor- 
phin have been shown to be widely distributed in both the cen- 
tral and peripheral nervous systems (see reviews by Elde and 
Hokfelt, 1993, and Khachaturian et al., 1993) and are likely to 
act as neurotransmitters according to criteria defined by Scheller 
and Hall (1992). Because of their occurrence in a large number 
of discrete neural circuits, the opioids have been suggested to 
participate in regulation of nociception, respiration, cardiovas- 
cular function, gastrointestinal motility, mood, and affect (Pas- 
ternak, 1988). These suggestions are supported by the extensive 
literature on the pharmacological actions of the alkaloid opiate 
drugs. The effects of opioids are mediated via at least three 
major classes of receptors (defined with respect to selective 
binding characteristics), p, 6, and K (see Corbett et al., 1993), 
and there may exist additional subtypes, so far not cloned, within 
each class (Fukuda et al., 1993; Nishi et al., 1993; Yasuda et al., 
1993). The distribution of p, 6, and K binding sites in the ner- 
vous system is different, although overlapping areas exist (see 
Mansour and Watson, 1993). A significant mismatch between 
opioid ligands and receptors has been described (Hernkenham, 
1987); however, the technical limitations of receptor autoradiog- 
raphy, for example, the inability to detect areas with low den- 
sities, must be considered. One example of each of the three 
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receptor types has recently been cloned (Evans et al., 1992; 
Kieffer et al., 1992; Bzdega et al., 1993; Chen et al., 1993a,b; 
Meng et al., 1993; Minami et al., 1993; Thompson et al., 1993; 
Yasuda et al., 1993), and their structures predict they belong to 
the “seven-membrane-spanning” superfamily and are coupled 
to G proteins. Thus, it is now possible to determine more pre- 
cisely the anatomical localization of opioid receptors using in 
situ hybridization and immunocytochemistry with antibodies di- 
rected against the predicted sequences of the receptors. 

We have recently raised antisera against peptides which rep- 
resent different regions of extracellular domains from mouse 
S-opioid receptor (DOR) and demonstrated their use in immu- 
nocytochemical studies (Dado et al., 1993). Morphological and 
physiological evidence suggests that the effects of opioids and 
opioid receptors are prominently involved in regulation of 
monoaminergic systems, in particular the serotoninergic system 
and the noradrenergic system (Elde et al., 1976; Atweh and Ku- 
har, 1977a,b; Levy and Proudfit, 1979; Charnay et al., 1982; 
Khachaturian and Watson, 1982; Basbaum and Fields, 1984; Il- 
les, 1989; Pan et al., 1990; Collin et al., 1991; Arvidsson et al., 
1992). We have therefore hypothesized the existence of three 
possible arrangements of opioid receptors with respect to the 
monoaminergic neurons which are affected by opioids: (1) a 
monoaminergic neuron expresses an opioid receptor which is 
targeted to its somatodendritic domain and functions in a post- 
synaptic manner; (2) a monoaminergic neuron expresses an 
opioid receptor which is targeted to its axonal domain and func- 
tions in a presynaptic manner; or (3) an opioid receptor is 
expressed by a neuron which provides afferent input to a mono- 
aminergic neuron. We have also hypothesized that neurotrans- 
mission involving opioids is accomplished by the release of 
opioid peptides from nerve terminals which are in proximity to 
opioid receptors. In the present work we have tested these hy- 
potheses with respect to the first of the cloned opioid receptors, 
DOR. In particular, we have further determined the selectivity 
of our previously reported (Dado et al., 1993) immunofluores- 
cent approach to the study of this receptor. In the present work, 
we demonstrate that our antisera against DOR preferentially rec- 
ognize a presynaptic receptor that is (1) in close proximity to 
enkephalinergic terminals, (2) localized in afferents to mono- 
aminergic neurons in the brainstem, and (3) present in spinal 
terminals of 5HT neurons. 

Materials and Methods 
Animals, chemicals, and fixation. Adult male Sprague-Dawley rats 
(150-200 gm; Harlan, Madison, WI; n = 15) were used in all experi- 
ments. The animals were deeply anesthetized with chloral hydrate (350 
mg/kg i.p.) and then subjected to a transcardial perfusion with calcium- 
free Tyrode’s solution followed by a fixative containing 4% parafor- 
maldehyde and 0.2% picric acid (variation of the formulation of Zam- 
boni and De Martino, 1967) in 0.1 M phosphate buffer, pH 6.9. After 

fixation, the perfusion continued with 500 ml of 10% sucrose phosphate 
buffer solution, pH 7.2, for 20-30 min. In some experiments variable 
amounts of glutaraldehyde (O.l-3%) were added to this fixative. The 
spinal cord and brainstem were then rapidly dissected out and trans- 
ferred to 10% sucrose buffer solution for 4 hr before cutting. 

Two animals received an injection of colchicine (SigmaTSt. Louis, 
MO; 120 yg in 20 pl NaCl, injected over 20 min) into the lateral 
ventricle 24 hr before death. In two other animals sciatic motoneurons 
were retrogradely labeled by dipping the cut nerve end into a 10% 
solution of Fluoro-Gold (in distilled H,O) for 10 min. All surgical pro- 
cedures were performed under sodium pentobarbital (40 mg/kg i.p.) 
anesthesia. Five days following application of the tracer these animals 
were killed. In order to better visualize 5HT neurons in the brainstem, 
three animals received an injection of the MAO inhibitor tranylcyprom- 
ine (Sigma; 30 mg/kg i.p.) followed 30 min later by an injection of 
L-tryptophan (Sigma; 300 mg/kg i.p.). Two hours after the injection of 
the MAO inhibitor the animals were killed and perfused as described 
above. 

Immunocytochemistry. Transverse (unless otherwise noted) 10-14 
pm sections were cut on a cryostat, thaw mounted onto glass slides 
subbed with chrome alum gelatin, and processed for indirect immuno- 
fluorescence histochemistry (Coons, 1958; Hokfelt et al., 1973). In ad- 
dition, tissue was also cut using a freezing microtome (Bausch and 
Lomb, Rochester, NY) at 40-50 pm and processed as free-floating sec- 
tions. Rabbit S-opioid receptor (DOR) antisera raised against different 
portions of the predicted sequence of DOR were used (Evans et al., 
1992; Kieffer et al., 1992). Antisera were raised against peptides cor- 
responding to amino acids 3-17 (LVPSARAELQSSPLV, serum 442), 
30-46 (AGANASGSPGARSASSL, serum 452), and 103-120 
(PFQSAKYLMETWPFGELL, serum 461) (Fig. IA; for further char- 
acterization see Dado et al., 1993). In addition, antisera were made in 
rats to the same peptides as used in rabbits to characterize further the 
specificity of the staining (see below). 

Slide-mounted sections were incubated with primary antisera for 18- 
24 hr at 4°C (Table 1). The free-floating sections were incubated with 
primary antisera for 48-96 hr. In order to examine the relationship be- 
tween DOR-IR structures and cells and fibers stained for 5HT, TH, or 
ENK, and in a few cases for substance P and thyrotropin-releasing hor- 
mone, fluorescence double (Table 1; Wessendorf and Elde, 1985; Ar- 
vidsson et al., 1990) or triple labeling (Table 1; Staines et al., 1988; 
Wessendorf et al., 1990) was employed. 

After incubation with the primary antiserum the sections were rinsed 
in phosphate-buffered saline (PBS) and incubated with secondary an- 
tisera (45 min at room temperature for cryostat sections; overnight at 
4°C for free-floating sections; see Table 1). All antisera/antibodies used 
were diluted with 6.3% Triton X-100 in’PBS (Hartman et al., 1972). 
After incubation with secondary antibodies the sections were rinsed 
several times in buffer. Sections single labeled using cyanine 3.18 were 
dehydrated, cleared, and mounted using DPX (Fluka, Ronkonkoma, 
NY). Sections that were single labeled using fluorescein isothiocyanate 
(FIT0 and double- and triple-labeled sections were coversliuned with 
glycerol and PBS containing 0.1% p-phenylenediamine (Johnson and 
de C Nogueria Araujo, 1981; Platt and Michael, 1983). Sections were 
examined by conventional or confocal fluorescence microscopy. Micro- 
graphs were taken with black and white Tri-X film (Kodak, Rochester, 
NY). 

Antisera and epitope mapping. Peptides representing amino acids 3- 
17 (lOl), 30-46 (102), and 103-120 (103; see specific amino acids 
above) from mouse DOR (Evans et al., 1992; Kieffer et al., 1992) were 
synthesized using an Applied Biosystems 432A solid-phase peptide syn- 
thesizer. The peptides were diluted with 0.1 M Sorensons phosphate 

Figure I., A, Schematic diagram showing the putative transmembrane topology of the &opioid receptor. The different regions of the molecule 
against which the antisera were raised are shown as black boxes labeled I-III. The sequences of the amino acids are also shown, as well as the 
number with which we refer to the different antisera. B-H, Images obtained by confocal microscopy of sections from rat spinal cord after incubation 
with &opioid receptor antisera @OR). B-D, Three adjacent sections from the dorsal horn (DH) showing labeling with rabbit DOR antisera 442 
(B), 452 (C), and 461 (D). Note similar distribution pattern but variation in intensity of labeling when used at the same dilution (1:400). E and F, 
Elution and restaining of DOR-immunopositive cells in the laterodorsal tegmental nucleus (LDTg). The section was first stained with DOR antiserum 
442 (E) and then eluted with potassium permanganate and sulfuric acid for 60 set (see Tramu et al., 1978), and then a secondary antisera was 
applied to test whether the elution of the primary antisera was complete. Finally the section was restained using DOR antiserum 461 (F). Note that 
cells stained with DOR antiserum 442 are also stained with DOR antiserum 461 (arrows). G and H, Two color fluorescence microscopy of a section 
from the spinal cord ventral horn motor nucleus incubated with rabbit antiserum 442 and rat antiserum 103. Note presence of high degree of 
coexistence. Scale bars: B-D, 100 pm; E and F, 50 pm; G and H, 50 pm. 
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Table 1. Primary and secondary antisera used 

Antigen Reference Species Dilutionb Secondary antisera< 

Single labeling 
DOR442, 452, 461* Dado et al., 1993 Rabbit 1:400 
DORlOl, 102, 1Op Present study Rat 1:lOO 
5HT INCSTAR, Stillwater, MN Goat 1:lOO 
TH Pel-Freez, Rogers, AP Sheep 1:lOO 
ENK Sera-Lab, Crewley Down, UK Mouse I:400 
SP Sera-Lab, Crewley Down, UK Rat 1:lOO 

PPTRH Carr et al., 1993 Rabbit 1:400 
Double labeling 
DOR442-DOR 10 1 Rabbit-rat 1:400-I:100 
DOR442-DOR103 Rabbit-rat 1:400-1:lOO 
DOR442 or 461-5HT Rabbit-goat 1:400-1:lOO 
DOR442 or 461-TH Rabbit-sheep 1:400-1:lOO 
DOR442 or 461-ENK Rabbit-mouse 1:400-l :400 
DOR442 or 461-SP Rabbit-rat 1:400-1:lOO 
DOR 1 OS-ppTRH Rat-rabbit l:lOO-1:400 
Triple labeling 
DOR442 or 461-5HT-ENK Rabbit-goat-mouse 1:400-l:lOO-1:400 
DOR442 or 461-5HT-TH Rabbit-goat-sheep 1:400-l: 100-l: 100 
DOR103-SHT-Fluoro-Goldd Rat-goat-rabbit l:lOO-l:lOO-1:200 

DoARbCy3 or DoARbFITC 
DoARtCy3 or DoARtFlTC 
DoAGoCy3 or DoAGoFITC 
DoAShCy3 or DoAShFITC 
DoAMoCy3 or DoAMoFITC 
DoARtCy3 or DoARtFITC 
DoARbCy3 or DoARbFITC 

DoARbLRh-DoARtFITC 
DoARbLRh-DoARtFITC 
DoARbLRh-DoAGoFITC 
DoARbFITC-DoAShLRh 
DoARbFITC-DoAMoLRh 
DoARbLRh-DoARtFITC 
DoARtFITC-DoARbLRh 

DoARbCyS-DoAGoFITC-DoAMoLRh 
DoARbCyS-DoAGoFITC-DoAShLRh 
DoARtCyS-DoAGoLRh-DoARbFITC 

Abbreviations: SHT, Shydroxytryptamine (serotonin); A, anti; Cy3, cyanine 3.18; Cy5, cyanine 5.18, Do, donkey; DOR, 6-opioid receptor; ENK, enkephalin; 
FITC, fluorescein isothiocyanate; Go, goat; LRh, lissamine rhodamine; MO, mouse; ppTRH, preprothyrotropin-releasing hormone (a marker for TRH); Rb, rabbit; 
Rt, rat; Sh, sheep; SP, substance P: TH, tyrosine hydroxylase. 
a For more information see Materials and Methods and Figure 1A. 

b Dilution used for cryostat sections. For free-floating sections the primary antiserum dilution was four to five times that used for cryostat section. All secondary 
antisera were used at a dilution between 1:60 and 1:200. 
‘ All secondary antisera were purchased from Jackson ImmunoResearch, West Grove, PA 
d Purchased from Chemicon, Temecula, CA. 

buffer to a concentration of 10 mg/ml and then conjugated to bovine 
thyroglobulin (Sigma; 40 mg/ml) using 7% glutaraldehyde (Sigma; 30 
yl/ml). The reaction mixture was then dialyzed exhaustively against 
PBS and diluted with 0.1 M Sorensons phosphate buffer to an equivalent 
of 1110 from the original coniugation mixture. Peptide-thyroglobulin 
conjugates were emulsified witkequal volumes of Freunds complete 
adiuvant (Difco. Detroit. MI) for initial immunizations. In subsequent 
iimunizaiions Freunds incomplete adjuvant was used. Rats (male 
Sprague-Dawley, 350-400 gm; Harlan, Madison, WI) received an ini- 
tial immunization of 0.2 ml of conjugate/adjuvant mixture at a single 
site in the nape of the neck. Every 2 weeks animals were reimmunized 
with 0.1 ml conjugate/adjuvant mixture injected at the same site. After 
three injections a small amount of blood was collected from the tail 
vein in order to screen the sera. If  the immunoreactivity was judged to 
be adequate the rat was deeply anesthetized on the following day and 
exsanguinated through the jugular vein and by cardiac puncture. Be- 
tween 13-18 ml of blood were collected per rat by these means. The 
immunization procedure for rabbits is described in Dado et al. (1993) 
and Elde et al. (1976). 

The peptide regions of the DOR molecule were chosen based upon 
their high antigenicity index (MACVECTOR) and their relative lack of 
homology to known sequences at the time these studies were initiated. 
(Homology was tested using the BLAST service of the National Library 
of Medicine.) From the more recent cloning of p,- and K-opioid recep- 
tors it became apparent that peptides 103-120 have a high degree of 
homology to the two other opioid receptors, whereas peptides 3-17 and 

30-46 have very low homology. Therefore, epitope mapping of anti- 
serum 461 was done. Absorption controls were performed with peptides 
corresponding to amino acids 103-111 (PFQSAKYLM), 108-l 15 
(KYLMETWP), and 112-120 (ETWPFGELL) of the DOR molecule. 
In addition, epitope mapping was also performed for antiserum 442, 
using peptides corresponding to residues 3-9 (LVPSARA), 7-12 (AR- 
AELQ), and lo-17 (ELQSSPLV) of the DOR molecule. Concentrations 
of 10-10-10-3 M were used for absorption controls. 

Confocal laser microscopy. For a detailed description of multicolor 
confocal laser microscopy see Brelje et al. (1993), Mesce et al. (1993), 
and Wessendorf and Brelje (1993). Briefly, specimens were examined 
with a Bio-Rad MRC-600 Confocal Imaging System (Bio-Rad Micro- 
science Division, Cambridge, MA). As excitation source a kryptonlar- 
gon ion laser (ILT Model 5470K, Ion Laser Technology, Salt Lake City, 
UT) with output at 488, 568, and 647 nm was used. FITC was imaged 
with 488 nm excitation and a 505-540 nm bandpass emission filter. 
Lissamine rhodamine B- and cyanine 3.18-labeled tissue were imaged 
with 568 nm excitation and a 598-621 nm bandpass emission filter. 
Tissue specimens labeled with cyanine 5.18 were imaged using a 647 
nm excitation filter and a 664-696 nm bandpass emission filter. 

The images shown are the results of projecting several optical sec- 
tions taken at different micron intervals. All images were printed on 
Kodak XL700 Digital Color Printer (Rochester, NY). 

Quantijcation and controls. The number of DOR-, 5HT-, and DOR/ 
SHT-immunoreactive varicosities in the lateral motor nucleus (lower 
lumbar level), sympathetic intermediolateral column (midthoracic lev- 

Figure 2. Confocal microscopic images of sections from rat spinal cords after incubation with rabbit 6-opioid receptor (DOR) antiserum 442. A, 
Digital montage of lumbar (Lumb) hemispinal cord. Note presence of dense innervation of DOR-like immunoreactivity in the superficial laminae 
of the dorsal horn, around the central canal as well as in the ventral horn. Part of the dorsal horn (DH, B), area around the central canal (CC, C), 
and the ventral horn (VH, D) are shown at higher magnification in B-D, respectively. Note in C the presence of small DOR-immunopositive cell 
bodies around the central canal (arrows). E and F, In the intermediolateral cell column (IML; lower thoracic) and in the sacral parasympathetic 
nucleus (SPN) a dense innervation of DOR-positive fibers and varicosities can be seen. Scale bars: A, 500 km; B, E and F, 100 km; C, 50 pm; 
D, 40 km. 
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el), and superficial dorsal horn (lower lumbar level) were counted from 
sections that had been double labeled with DOR442 and 5HT, and 
DOR461 and 5HT All counts were done at the microscope with a 40X 
objective (NA = 0.85). The quantitative study used material from three 
animals and in each animal three sets of adjacent sections for DOR442 
and 5HT, and DOR461 and 5HT, were analyzed. 

Control sections were incubated with DOR antisera pretreated with 
homologous (against which the antisera were raised for DOR peptides) 
and/or heterologous peptides (other DOR peptides, enkephalin, calci- 
tonin gene-related peptide, 5HT, and substance P). Absorption controls 
were done at concentrations of 10m10-10-3 M. Cross-reactivity controls 
for both primary and secondary antisera were also done according to 
Wessendorf and Elde (1985) and Arvidsson et al. (1990). Adjacent sec- 
tions from the dorsal root ganglion (containing DOR-positive neurons) 
and raphe nuclei (containing SHT-positive neurons) were incubated with 
antisera to 5HT and DOR alone, in order to evaluate the specificity of 
the primary antisera. 

To further characterize the antisera the elutiomrestaining technique 
of Tramu et al. (1978) was used. Cells labeled using DOR442 antiserum 
were photographed and then sections were immersed in a solution of 
potassium permanganate (KMnOJ and sulfuric acid (H,SO,) (2 ml of 
2.5% KMnO, and 2 ml of 5% H,SO, in 50 ml of distilled water) for 
60 set to elute the antibodies. After several rinses in PBS the sections 
were incubated with FITC-conjugated secondary antibodies in order to 
evaluate the efficiency of the elution process. If  no remaining fluores- 
cence was observed the sections were incubated with the DOR461 an- 
tisera followed by a secondary antiserum in order to visualize the sec- 
ond antigen. The same areas as initially were photographed were again 
photographed. 

In addition, double-labeling experiments using antisera raised in rat 
and antisera raised in rabbits recognizing different portions of DOR 
were also done. 

Results 
Speczjicity of antisera 
In a previous report we briefly described the characterization of 
antisera raised against different portions of the extracellular do- 
mains of the mouse &opioid receptor (see Fig. 1A; Dado et al., 
1993). The antisera recognized three bands of appropriate mo- 
lecular weight by Western blot analysis of membranes from 
NG108-15 cells and the same antisera were found to be useful 
also for immunohistochemical localization of the receptor in 
paraformaldehyde-fixed CNS tissue from rats (Dado et al., 
1993). Different fixation procedures have subsequently, been 
tested; in unfixed sections as well as sections which were sub- 
sequently immersion fixed no clear labeling could be verified 
for any of the antisera; omitting Triton from primary and sec- 
ondary antisera abolished the staining in most regions, but weak 
labeling remained in the dorsal horn (not shown); glutaraldehyde 
added to the fixative (up to 3.0%) reduced the staining but DOR- 
immunoreactive fibers and varicosities could still be seen, sim- 
ilar to paraformaldehyde-fixed tissue (not shown). 

The three rabbit sera gave similar staining patterns in most 
regions in the spinal cord and brainstem; however, the intensities 
of staining were different, with DOR442 > DOR461 > 
DOR452 (compare staining from superficial dorsal horn in Fig. 
U-D). Also, in a few areas the patterns of staining observed 
were not always identical. For instance, in contrast to the other 
rabbit sera, antiserum DOR452 did not appear to stain the lateral 
spinal nucleus (Fig. 1C). 

The epitope mapping revealed that antiserum 461 was blocked 
by preincubation with amino acid residues 112-120 
(ETWPFGELL) and not by amino acid residues 103-l 11 
(PFQSAKYLM) and 108-l 15 (KYLMETWP). This suggests 
that the antiserum 461 recognizes amino acid residues 116-120 
(FGELL). Staining using antiserum 442 was blocked by prein- 
cubation with the amino acid residues IO-17 (ELQSSPLV) but 
not by incubation with 3-9 (LVPSARA) or 7-12 (ARAELQ). 

This suggests antiserum 442 recognizes the epitope 13-17 
(SSPLV). 

The distribution of DOR-like immunoreactivity often resem- 
bled that of substance P and we therefore examined the possi- 
bility that our DOR antisera actually recognized substance P. 
Staining for DOR using any of the rabbit or rat antisera was 
unaffected by concentrations of substance P from lo-lo to 10e5 
M. Surprisingly, it was found that 10-4-10m3 M substance P 
blocked staining obtained with all of the rabbit DOR antisera. 
However, using. rat antisera against DOR (which appear to stain 
the same substance as the rabbit antisera; see below), this block- 
ing was seen only in two of the four antisera tested. Moreover, 
in one of those two cases, labeling was blocked in the dorsal 
horn but not the remainder of the spinal cord. In addition, the 
concentration of substance P required to block staining (10m4- 
10m3 M) was several orders of magnitude higher than those re- 
quired for the homologous peptides (10-9-10m8 M). Finally, in 
preliminary ultrastructural studies, it was found that substance P 
and DOR labeled different intracellular structures. Together 
these observations suggest that it is unlikely that the DOR an- 
tisera recognize substance I? 

The specificity of the DOR antisera was further characterized 
by testing whether antisera raised against different portions of 
the receptor sequence stained the same structures. In elution- 
restaining experiments, coexistence between DOR442 and 
DOR461 could be demonstrated in cell bodies and a few fibers 
in the brainstem (Fig. l&F), although the elution procedure 
clearly reduced the intensity of immunostaining with the second 
set of antisera. In addition, antisera from rat and antisera from 
rabbit that were raised against different portions of DOR (Fig. 
1A) frequently labeled the same varicosities. In the ventral horn, 
DOR442 stained 820 out of 821 DORlO3-positive varicosities, 
with an additional 32 varicosities classified as ambiguous (see 
Fig. lG,H). Thus, although we have not been able to determine 
why substance P blocks staining with DOR antisera, it appears 
likely that the DOR antisera recognize a bona fide &opioid re- 

Distribution of DOR-like immunoreactivity in spinal cord and 
brainstem by single labeling 

The results below are based on observations with rabbit antisera 
DOR442 or DOR461 if not otherwise stated. 

The distribution of DOR-LI was similar to that observed by 
Dado et al. (1993). In single-labeled sections DOR-LI could be 
found in varicosities throughout the gray matter in the spinal 
cord (Fig. 2A). Highest densities of DOR-LI were found in the 
superficial laminae of the dorsal horn including Lissauers tract 
(Fig. 2B), around the central canal (Fig. 2C), in ventral horn 
including the lateral and medial motor nuclei (Fig 20) as well 
as in the autonomic regions of the cord, for example, in the 
intermediolateral nucleus, presumably around preganglionic 
sympathetic neurons (Fig. 2E), and in the sacral parasympathetic 
nucleus, presumably around preganglionic parasympathetic mo- 
toneurons (Fig. 2F). The lateral spinal nucleus (Giesler and Elde, 
1985) also received a dense innervation of DOR-LI (see Fig. 
2A). In the somatic motor nuclei, DOR-LI could sometimes be 
seen apposed to motoneurons retrogradely labeled from the sci- 
atic nerve (see Fig. 7A). This type of close relation was also 
seen for neurons in the cremaster nucleus and in Onuf’s nucleus 
(Fig. 3A-D). A few DOR-positive fibers were seen in Clark’s 
column (not shown). No DOR-IR fibers were seen in other parts 
of the white matter except in the lateral funiculus at lower sacral 
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Figure 3. Images obtained by laser confocal microscopy from the rat cremaster (Cremaster; A, B) and Onuf’s (Unuf; C, D) nuclei after incubation 
with rabbit &opioid receptor (DOR) antiserum 442. The sections are from the rostra1 lumbar level (cremaster) and rostra1 sacral spinal cord (Onuf). 
Note dense accumulation of DOR-positive fibers in both nuclei. B and D are higher-magnification views of A and C, respectively. Scale bars: A 
and C, 250 pm; B and D, 50 Km. 

levels (not shown). No clear difference in staining in any part 
of the spinal cord would be seen between different levels. DOR- 
IR cell bodies were sometimes seen around the central canal 
(see Fig. 2C). No neuronal cell bodies or glial-like elements 
positive for DOR-LI were seen in other parts of the spinal cord. 

Studies of the brainstem revealed DOR-IR fibers in nucleus 
raphe pallidus, raphe obscurus (Fig. 4A), raphe magnus (Fig. 
4B), and raphe dorsalis (Fig. 4C) as well as in raphe medianus 
(not shown). Serotoninergic nuclear groups lateral to the midline 
raphe complex, the lateral reticular and paragigantocellular re- 
ticular nuclei (Dahlstrom and Fuxe, 1964), received a relatively 
dense innervation of DOR-IR fibers and varicosities as well (not 
shown). Also, a dense innervation of DOR-positive fibers was 
seen in noradrenergic areas of the brainstem, for example, in 
area A.5, locus coeruleus, and area A7 (Dahlstrom and Fuxe, 
1964; see also below). Outside of the major monoaminergic nu- 
clei, DOR-positive fibers and varicosities were also seen in other 
brainstem regions including, from caudal to rostral, spinal tri- 
geminal nuclei, solitary tract and nuclei, hypoglossus nucleus, 
dorsal vagal nucleus, medullary reticular formation, inferior ol- 
ive, ambiguus nucleus, vestibular nuclei, facial motor nucleus, 
abducens nucleus, tegmental nuclei, trigeminal motor nucleus, 
pontine reticular nuclei, parabrachial nuclei, locus coeruleus, 

periaqueductal gray matter, interpeduncular nucleus, red nucleus, 
and substantia nigra (not shown). 

In a few areas of the brainstem DOR-positive cells could be 
seen. The most prominent group of cell bodies containing DOR- 
LI was seen just ventrolateral to the rostralmost part of the fourth 
ventricle, from bregma -9.3 mm (according to Paxinos and 
Watson, 1986) extending cranially to bregma -8.3 mm, in the 
laterodorsal tegmental nuclei (Figs. 4C,D; 5A). These cells were 
moderately sized, ranging from 17 to 29 pm [mean = 23 pm 
(d,,,,, + d,J2), SD = 3 pm, n = 371. DOR-immunopositive 
cells were also seen ventrolateral to the laterodorsal tegmental 
nuclei in the parabrachial nuclei (not shown). In addition, scat- 
tered, relatively small (several cells with d,,,, measured < 10 p,m; 
see Fig. 5B) DOR-IR cells were also observed in the interpe- 
duncular nucleus, PAG, and the nuclei of the inferior (Fig. 5B) 
and superior colliculi. Tissue from animals injected with colchi- 
tine into the lateral ventricle showed an increased number of 
DOR-IR cells in the brainstem, but only in the same nuclei con- 
taining DOR-immunopositive cells in untreated rats. 

The DOR antisera stained small punctate structures in these 
cells and was distributed throughout the somatic cytoplasm and 
primary dendrites (Fig. 5AJ). We saw no clear examples of 
plasma membrane labeling at the level of neuronal cell bodies. 
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Figure 4. Confocal microscopic images from rat brainstem after incubation with rabbit S-opioid receptor (DOR) antiserum 442. A and B, Sections 
from the nuclei raphe obscurus (Rob; A) and raphe magnus (RMg; B). Note presence of DOR-positive fibers in both raphe nuclei. No immunoreactive 
cell bodies can be seen. C, D, Section from the brainstem at approximately a level of bregma -9 mm according to Paxinos and Watson (1986). 
Note group of DOR-immunopositive cell bodies in the laterodorsal tegmental nucleus (LDTg). Also, DOR-immunoreactive fibers are seen in the 
dorsal raphe nucleus (DR) and in the parabrachial nucleus (PB). D is a higher-magnification view of the framed area in C. 4V, fourth ventricle. 
Scale bars: A, B, and D, 50 pm; C, 250 pm. 
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Figure 5. Confocal microscopic images of sections from the laterodorsal tegmental nucleus (LDTg; A) and external cortex of the inferior colliculus 
(ECZC; B) after labeling with rabbit 6-opioid receptor (DOR) 442 antiserum. Note punctate DOR labeling in the cytoplasm and primary dendrites 
in both cells. No clear olasma cell membrane or dendritic membrane labeling can be seen. Both images are the results of projecting 11 optical 
sections taken at 0.4 p,m intervals. Scale bar, 20 Frn. 

A more detailed description of the overall distribution of 
DOR-LI in the rat brain is in progress (Arvidsson et al., unpub- 
lished observations). 

Double labeling: DOR with serotonin, tyrosine hydroxylase, or 
enkephalin 

In the ventral horn, a high degree of coexistence between DOR- 
and SHT-LI was observed in the lateral and medial motor nuclei 
at all spinal cord levels (Fig. 6A-D). No significant difference 
in degrees of coexistence was observed between DOR442/5HT 
(5HT stained 666 out of 682 DOR442-IR varicosities, with an 
additional 12 cases ambiguous) and DOR461/5HT (5HT stained 
602 varicosities out of 629 DOR461-IR varicosities, with an 
additional 18 cases ambiguous). Using triple-labeling procedure 
it was also possible to demonstrate that motoneurons retrograde- 
ly labeled from the sciatic nerve were apposed by SHT-IR var- 
icosities which also stained for DOR (see Fig. 7A,B). As ex- 
pected, a high degree of coexistence was seen in the spinal cord 
motor nuclei when stained for DOR- and thyrotropin releasing 
hormone-LI, and DOR- and substance P-L1 (not shown). How- 
ever, in the cremaster motor nucleus coexistence of DOR-IR 
with SHT-IR appeared to be less common (not illustrated). Little 
or no coexistence was seen in autonomic regions of the spinal 
cord [i.e., the intermediolateral nucleus (Fig. 6E,F) or the sacral 
parasympathetic nucleus]. 

In the dorsal horn, 5HT axons in the lateral reticulated area 
(lamina V) were frequently double labeled for DOR (Fig. 8C,D). 
However, among the SHT-IR fibers of the superficial dorsal horn 
there was no coexistence between DOR- and SHT-LI (Fig. 
8A, B). 

The distribution of DOR-LI seen in double-labeled sections 
was overall similar to that found in single-labeled sections, sug- 
gesting that the double-labeling protocol did not interfere with 
staining. Control experiments suggested that the DOR antisera 
used did not recognize 5HT and that the 5HT antiserum did not 
recognize DOR (see Fig. 9A-D). 

When staining for DOR and TH, the distributions of the two 
types of labeling overlapped. However, no coexistence of TH- 
and DOR-LI was observed in any portion of the spinal cord, 
including the dorsal horn (Fig. IOA,B), the intermediolateral nu- 

cleus (Fig. lOC,D), and the ventral horn motor nuclei (Fig. 
lOE,F). 

When staining for DOR and ENK, the distribution pattern 
seen for DOR-LI in the spinal cord complemented the distri- 
bution pattern for ENK-LI (see also Dado et al., 1993). However, 
no coexistence was observed in the spinal cord gray matter ex- 
cept for a few cases seen in the intermediolateral nucleus (Fig. 
1 lA-D). In the brainstem a similar pattern was observed. A few 
DOR-IR fibers containing ENK-LI were seen in the lateral re- 
ticular and paragigantocellular reticular nuclei, raphe magnus 
area, and the superficial part of the inferior colliculus (not illus- 
trated). 

The relationship between DOR-IR varicosities and aminergic 
(5HT- or TH-IR) neuronal somata was also examined. In animals 
treated with MAO inhibitor and L-tryptophan, SHT-IR neurons 
were seen throughout the raphe complex. Serotoninergic neurons 
in nucleus raphe pallidus and nucleus raphe obscurus were oc- 
casionally seen surrounded by DOR-IR terminals (Fig. 12A-D). 
DOR-positive fibers and varicosities were also apposed to 5HT 
neurons in nucleus raphe magnus (Fig. 12E-H) and in nucleus 
raphe dorsalis (not shown), No DOR-positive cell bodies or den- 
drites were seen in any part of the raphe nuclei complex. 

Fibers containing both 5HT- and DOR-LI were seen in the 
midline raphe nuclei, lateral reticular and paragigantocellular re- 
ticular nuclei, hypoglossal nuclei, dorsal vagal motor nucleus, 
ambiguus nucleus, and trigeminal motor nucleus (not shown). 

TH-positive neurons in the A5 group were sometimes closely 
apposed by fibers exhibiting DOR-LI (Fig. 13A-D). A less dense 
innervation by DOR-positive fibers and varicosities was seen 
around neurons in locus coeruleus (Fig. 13E-H) and around the 
TH-positive neurons in the A7 group (not shown). 

No coexistence could be seen in fibers and varicosities in the 
brainstem when stained for TH- and DOR-LI besides a few fi- 
bers in nucleus raphe pallidus (not illustrated). 

Discussion 

There are six principle conclusions to this study. First, the an- 
tisera against DOR appear to recognize a bona fide 6-opioid 
receptor. Second, the presence of DOR in axonal structures and 
its apparent absence from the plasma membrane at the level of 
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Figure fi. Images obtained by confocal microscopy of sections from the rat ventral horn (VH; A-D) and intermediolateral nucleus (ZML; E, F) 
after double labeling with rabbit &opioid receptor (XX?) 442 and goat 5HT (A, B, E, F) and rabbit DOR 461 and goat 5HT (C, D) antisera. A- 
D, A high degree of coexistence (arrows) can be seen in the ventral horn between 5HT and both of the DOR antisera (compare A and B with C 
and D). E and F, In the intermediolateral nucleus no clear DOR-immunoreactive fibers cocontaining SHT-like immunoreactivity can be seen. Scale 
bar, 50 urn. 

nerve cell bodies and primary dendrites suggests this receptor is 
directed to the axonal compartment and functions in a presyn- 
aptic manner. Third, DOR is prominent in nerve fibers and ter- 
minals in a variety of regions of the brainstem and spinal cord. 
Fourth, DOR exists on 5HT fibers in lamina V and in the ventral 
horn, but not on 5HT fibers in the superficial dorsal horn. Fifth, 
DOR exists on few, if any, catecholaminergic fibers or terminals 

in the spinal cord. Sixth, DOR appears poised to modulate af- 
ferent input to both serotoninergic and noradrenergic neurons in 
the brainstem. 

Characterization of DOR antisera 

Several lines of evidence argue that the antisera used in these 
studies recognize a bona fide &opioid receptor (however, it can- 
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not be excluded that the antisera also detect &opioid receptor 
subtypes or other receptors not yet cloned). Many of the points 
relating to the specificity of the rabbit antisera have recently 
been described by Dado et al. (1993). To summarize, the antisera 
recognized bands having 6-opioid receptor binding activity in 
Western blots from NG108-15 cells, the size of the bands that 
was recognized was consistent with the size predicted from DOR 
nucleotide sequence, labeling of a subset of primary afferent 
neurons by DOR antisera was confirmed by in situ hybridization, 
and incubation of the antisera with the peptides against which 
they were raised abolished staining (Dado et al., 1993). In ho- 
mologous absorption controls the staining for all DOR antisera 
was blocked at concentrations as low as 1O-y-1O-s M. Surpris- 

ingly, in heterologous absorption controls with high concentra- 
tions ( 10-4-10-3 M) of substance P it was found that some DOR 
staining was blocked. No other peptides tested (CGRP, ENK, 
and heterologous DOR peptides) or 5HT could block the DOR 
staining even at a concentration of 10e3 M. Moreover, we have 
observed a very high degree of coexistence between DOR (test- 
ed with all DOR antisera) and substance P (tested with both a 
polyclonal antisera and monoclonal antibodies) throughout the 
whole brain (U. Arvidsson, R. J. Dado, M. Riedl, J.-H. Lee, F? 
Y. Law, H. H. Loh, R. Elde, and M. W. Wessendorf, unpublished 
observations), indicating a close relationship between those two 
compounds, and suggesting possible cross-reactivity of the DOR 
antisera with substance F? At present it is unclear why substance 
P is able to block DOR staining but, rather than cross-reactivity, 
it also appears possible that high concentrations of substance P 
may interfere with binding of the antisera to the DOR molecule. 
The following points argue against true cross-reactivity between 
the rabbit DOR antisera and substance l? (1) Antisera were 
raised against three different regions of the DOR molecule with 
no homology to each other or to substance P (2) The different 
rabbit anti-DOR antisera have a similar staining pattern in the 
brain and spinal cord. (3) Sections stained by combining rat and 

Figure 7. Images obtained by confo- 
cal microscopy of a section from the 
rat spinal cord ventral horn after triple 
labeling with rat S-opioid receptor 
(DOR) 103, goat 5HT, and rabbit Fluo- 
ro-Gold antisera. Motoneurons belong- 
ing to the sciatic motor pool were ret- 
rogradely labeled with Fluoro-Gold 
and visualized with a rabbit anti-Fluo- 
ro-Gold antiserum followed by FITC- 
conjugated secondary antibodies. The 
distribution of Fluoro-Gold in the mo- 
toneurons (marked 1 and 2) is seen in 
the cytoplasm of the cell bodies and in 
the primary dendrites as a punctate la- 
beling (shown in both A and B). A, 
DOR immunoreactivity varicosities 
(visualized with cy5-conjugated sec- 
ondary antibodies) can be seen in close 
apposition to motoneurons. B, Note 
serotonin-immunoreactive fibers and 
varicosities (detected with Lissamine- 
rhodamine-conjugated secondary anti- 
bodies) that coexist with DOR in A. 
Scale bar, 50 pm. 

rabbit sera that were directed against different portions of DOR 
revealed almost complete double labeling. In addition, it was 
found using the elutionlrestaining technique that cells stained 
with rabbit antiserum 442 (against residues 3-l 7 of the receptor) 
were also immunoreactive using rabbit antiserum 461 (against 
residues 103-120). (4) There exist areas in which substance P 
labeling without DOR, and DOR labeling without substance P, 
can be seen. (5) The rat antisera against DOR gave a staining 
pattern similar to the rabbit anti-DOR antisera, yet labeling was 
not consistently absorbed out even by 10e3 M substance F? (6) 
At the electron microscopic level DOR and substance P stain 
different subcellular elements (Arvidsson, Dado, Riedl, Lee, 
Law, Loh, Elde, and Wessendorf, unpublished observations). 
Thus, from the evidence presented above it appears likely that 
the staining seen with the DOR antisera is specific. 

The epitope mapping of the rabbit DOR antiserum 461, which 
was raised against amino acids 103-120 in the first extracellular 
loop of the DOR molecule, suggests that the antiserum recog- 
nizes amino acids 116-120 (FGELL). With the recent cloning 
of the p- and K-opioid receptors, the first extracellular loop has 
been found to be highly conserved among the opioid receptors 
cloned so far, and thus contains the highest level of homology 
to the other opioid receptors (see Chen et al., 1993b). The only 
difference between FGELL in DOR and corresponding sequenc- 
es in the p,- and K-opioid receptor is that EL has been substituted 
to TI in the p-opioid receptor and to DV in the K-opioid receptor. 
Thus the epitope for antiserum DOR461 is less unique than that 
for DOR442 when compared to the other cloned opioid recep- 
tors. However, cross-reactivity seems unlikely since antiserum 
DOR461 does not stdin cells transfected with construas encod- 
ing the b- and K-opioid receptor, respectively (unpublished 
data). 

Compartmentalization of DOR 
The staining pattern of DOR appears to be axonal in nature, 
based on morphological considerations as well as the costaining 
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Figure 8. Images obtained by confocal microscopy of sections from the rat dorsal horn (DH; A, B; sectioned in the parasagittal plane) and lamina 
V of the dorsal horn (Lam. V, C, D) after double labeling with rabbit 6-opioid receptor (DOR) 442 and goat 5HT antisera. A and B, No clear 
coexistence can be seen in the superficial laminae of the dorsal horn. C and D, In lamina V of the lateral reticular area of the dorsal horn a few 
DOR-positive fibers cocontaining SHT-like immunoreactivity can be observed. gr, gracile fasciculus. Scale bar, 50 pm. 

of nerve fibers with antisera directed against transmitters known 
to be most prominent,in axons. The present findings agree with 
previous reports on the presence of opioid receptors in axons. 
For example, axonal transport of opioid receptors occurs in the 
rat vagus nerve (Young et al., 1980) and dorsal root (Zajac et 
al., 1989; Laduron and Castel, 1990). In the present study we 
have been able to demonstrate that DOR is present in 5HT raphe 
neurons with a projection to the spinal cord ventral horn and 
that DOR is transported out into the axons of those neurons. No 
labeling is seen on somatic or dendritic membranes of the raphe 
neurons, consistent with DOR being restricted to axons. 

A major question in receptor research concerns the mecha- 
nism by which receptors are targeted to their appropriate mem- 
brane domains. The present findings suggest that DOR is trans- 
ported vesicularly since staining at the level of nerve cell bodies 
was not associated with the plasma membrane, but rather with 
small pun&a (probably vesicles) within the cytoplasm. This hy- 
pothesis is further supported by a recent electron microscopic 
study where Pasquini et al. (1992) found that sites labeled with 
‘**I-azido-DTLET (a S-opioid ligand) were frequently associated 
with the cytoplasm of axons rather than the plasma membrane. 
This is also in agreement with our preliminary studies at the 
electron microscopic level. Also, in an ongoing study (Dado et 
al., in preparation), transport of DOR seems to be most promi- 

nent in the anterograde direction, although a small component 
is retrogradely transported in the rat sciatic and sural nerve. 
Thus, the antisera used seem to recognize a &opioid receptor 
that is mostly, if not exclusively, transported out into the axon, 
inserted into the plasma membrane at nerve terminals where it 
presumably functions as a presynaptic receptor. This pattern of 
compartmentalization is in striking contrast to that seen with the 
substance P receptor which seems to be a postsynaptic receptor 
in the central nervous system (Shigemoto et al., 1993; Liu et al., 
1994; Vigna et al., 1994). 

Distribution qf DOR in spinal cord and brainstem 

In the spinal cord, DOR-like immunoreactivity was present in 
fibers in the spinal gray, with highest densities in the superficial 
dorsal horn, in autonomic spinal regions, around the central ca- 
nal, and in the ventral horn (see also Dado et al., 1993). In 
addition, a few DOR-positive cells were seen around the central 
canal. 

Earlier studies in the spinal cord on &opioid receptor distri- 
bution using radioligands such as 3H-[o-Ala2, o-Leu5]enkephalin 
(DADLE) in combination with [Tyr-D-Ala-Gly-MePhe-Gly-ol] 
(DAGO; used to displace p binding), 3H-[Tyr-o-Thr-Gly-Phe- 
Leu-Thr] (DTLET), H-[D-Per?, D-Pen5]enkephalin (DPDPE), 
and ‘H-[Tyr-D-Ser(O-tert-butyl)-Gly-Phe-Leu-Thr] (DSTBU- 
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Figure 9. Confocal microscopic images of adjacent sections from the rat lumbar dorsal root ganglion (DRG; A, B) and dorsal raphe nucleus (DR; 
C, D) after incubation with rabbit &opioid receptor (DOR) antiserum 442 (A, C) and goat 5HT antiserum (B, D). A and B, DOR-immunoreactive 
cell bodies can be seen in the dorsal root ganglion, whereas no staining can be seen with the 5HT antiserum, indicating that the 5HT antiserum 
does not recognize a DOR epitope. C and D, Note the presence of DOR-immunoreactive fibers (but no cells) in dorsal raphe nucleus, whereas the 
5HT antiserum stains both fibers and cells. Thus, the DOR antiserum does not recognize a 5HT epitope. Scale bars: A and B, 50 p,m; C and C, 
40 t.r,m. 
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Figure 10. Images obtained by confocal microscopy of sections from the rat dorsal horn (DH, A, B), intermediolateral nucleus (ML; C, D), and 
ventral horn (VH; E, F) after double labeling with rabbit S-opioid receptor (DOR) 442 and sheep tyrosine hydroxylase (Z’H) antisera. A and B, No 
coexistence between DOR- and TH-positive fibers and varicosities can be found in the dorsal horn. C-F, A dense innervation of TH-immunoreactive 
fibers and varicosities is found in both the intermediolateral nucleus as well as in the ventral horn motor nucleus, but no unequivocal examples of 
coexistence can be seen. Scale bar, 50 pm. 

LET) have found the highest densities of labeling in the super- (between 50-70% of the density observed in the substantia ge- 
ficial dorsal horn (see, e.g., Gouarderes et al., 1985; Morris and latinosa; Gouarderes et al., 1993). The presence of Copioid re- 
Herz, 1987; Zajac et al., 1988; Delay-Goyet et al., 1990; Besse ceptor binding in the ventral horn is in agreement with our data 
et al., 1991; Stevens et al., 1991). Using a selective Copioid and suggests that 125T-[~-AlaZ]deltophin-I and our antisera rec- 
receptor ligand, 1251-[~-AlaZ]deltophin-I, heavy labeling was seen ognize the same receptor. However, it cannot be excluded that 
in the superficial dorsal horn (Gouarderes et al., 1993). However, the antibodies used here detect a different subtype of the S- 
a relatively strong labeling was also observed in the ventral horn opioid receptor. In fact, pharmacological evidence for two sub- 
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Figure Il. Images obtained by confocal microscopy of sections from the rat intermediolateral nucleus (IML; A, B) and ventral horn (VH; C, D) 
after double labeling with rabbit Gopioid receptor (DOR) 442 antiserum and mouse enkephalin (ENK) antibodies. A and B, Most of the DOR- 
immunopositive fibers and varicosities in the intermediolateral nucleus are clearly separated from the enkephalinergic innervation. However, a few 
terminals exhibit immunofluorescence for both compounds (arrows). C and D, A dense innervation of ENK-positive fibers is also seen in the ventral 
horn motor nucleus (D); however, no unambiguous coexistence between DOR and ENK can be found. Scale bar, 50 km. 

types of Copioid receptors exists (6, and 6,; see Sofuoglu et al., 
1991). 

In the brainstem, DOR-immunoreactive fibers were encoun- 
tered in a number of areas, including sensory, motor, autonomic, 
and reticular areas. DOR-positive cells were seen in only a few 
areas, for example, parabrachial nuclei, interpeduncular nucleus, 
PAG, the superior and inferior colliculi, and the laterodorsal teg- 
mental nucleus. The group of DOR-positive cells found in la- 
terodorsal tegmental nucleus may possibly include some cholin- 
ergic cells with ascending projections (Satoh and Fibiger, 1986). 
A subpopulation of these laterodorsal tegmental neurons has also 
been found to contain substance P (see Vincent et al., 1983). 

The distribution of &opioid binding sites in the brainstem 
appears not to have been examined as frequently as in the 
spinal cord, telencephalon, or diencephalon. However, there 
are reports in the literature that Copioid ligands label the 
brainstem lightly at most sites with a higher density in areas 
such as nucleus solitarii tractus, nucleus ambiguus, locus coe- 
ruleus, dorsal raphe nucleus, superior and inferior colliculi, 
central gray, and interpeduncular nucleus (Atweh and Kuhar, 
1977b; Waksman et al., 1986; Mansour et al., 1987; Sharif 
and Hughes, 1989; Delay-Goyet et al., 1990; Gouarderes et 
al., 1993). In the present study we found DOR-positive fibers 

in all nuclei where S-opioid binding sites have been demon- 
strated earlier. In addition, scattered DOR-immunoreactive fi- 
bers were found in areas where bindings sites have not been 
demonstrated previously, such as nucleus raphe pallidus and 
nucleus raphe obscurus. These findings suggest that DORs 
may be distributed in the brainstem more widely than previ- 
ously has been thought. Another possibility that has to be 
considered is that this discrepancy reflects cross-reactivity of 
our antisera to other molecules. However, given the evidence 
for the specificity of the antisera (see above) and the inher- 
ently higher resolution of immunocytochemistry, it appears 
more likely that the discrepancy is a result of the technical 
limitations of autoradiography and/or oversight by previous 
investigators. 

Using in situ hybridization technique it is possible to lo- 
calize the parent cells expressing &opioid receptor mRNAs, 
but no detailed description of the brainstem and spinal cord 
has yet been reported (Bzdega et al., 1993; Mansour et al., 
1993). In preliminary studies we have observed regions in the 
brainstem with cellular expression of DOR mRNA including 
the caudal raphe nuclei (Arvidsson et al., unpublished). These 
findings are consistent with some 5HT neurons expressing 
DOR mRNA. 



1230 Arvidsson et al. l DOR in Identified Neurotransmitter Systems 

Figure 12. Confocal microscopic images from rat brainstem after double labeling with rabbit S-opioid receptor (LXX) 442 and goat 5HT antisera. 
A-D, Section from the nucleus raphe obscurus (Rob). Note the presence of a relative dense innervation of DOR-positive fibers and varicosities 
among the serotonin-positive neurons. The close vicinity of DOR-immunoreactive terminals to the serotoninergic neurons is shown at higher 
magnification in C and D. E-H, A similar arrangement between DOR and serotonin is also present in the nucleus raphe magnus (RMg). G and H 
are higher-magnification views of E and F, respectively. Scale bars: A and B, E and F, 100 km; C and D, G and H, 25 km. 
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Distribution of DOR with respect to biogenic amines and 
enkephalin 

A schematic representation of the distribution of DOR in relation 
to enkephalin and biogenic amines in brainstem and spinal cord 
is given in Figure 14. A high degree of coexistence between 
DOR and SHT was found around the motoneurons in the ventral 
horn, where most, if not all, DOR-IR varicosities were double 
labeled for 5HT. In contrast, only scarce coexistence was seen 
in spinal autonomic areas, for example, in the intermediolateral 
nucleus and in the sacral parasympathetic nucleus. The latter 
suggests that DORs on 5HT terminals may not be involved in 
mediating the autonomic effects of opiates. In support of the 
latter idea, no coexistence of DOR-IR and SHT-IR could be 
identified in the superficial dorsal horn. Thus we find no mor- 
phological evidence that DORs act directly on serotoninergic 
terminals in the superficial dorsal horn. However, it appears pos- 
sible that DOR modulates serotonin release in deeper portions 
of the dorsal horn or that the effects of opioids on 5HT release 
are mediated by other types or subtypes of opioid receptors. 
However, double-labeled fibers were seen in the lateral reticu- 
lated area. Its presence in the lateral reticulated area is of par- 
ticular interest since cells in that region have been reported to 
be nociceptive (Menetrey et al., 1977). 

What is the functional significance of DOR on 5HT terminals 
in the spinal cord horn? Opioid receptors appear to have devel- 
opmental effects on 5HT neurons (Davila-Garcia and Azmitia, 
1989) and biochemical and behavioral evidence for an interac- 
tion between opioid receptors and 5HT cells has been reported 
in the spinal ventral horn as well as in other regions of the CNS 
(Brase, 1979; Parenti et al., 1983). The presence of DOR label- 
ing on 5HT axons in the spinal cord is of interest, since opiates 
have been reported to increase the release of 5HT in both the 
dorsal and ventral horn (Bineau-Thurotte et al., 1984). Opioid 
receptors appear to modulate the release of a variety of neuro- 
transmitters presynaptically, in some cases resulting in presyn- 
aptic inhibition of release and, in others, in presynaptic facili- 
tation (Starke, 1981; for more references see Mulder and 
Schoffelmeer, 1993). However, S-opioid receptors have been re- 
ported to facilitate release of dopamine in striatum (Lubetzki et 
al., 1982; Petit et al., 1986). Monroe et al. (1986) have dem- 
onstrated that the opiate agonist DADLE (a ligand for both S- 
and p-opioid receptors) depressed stimulated release of 5HT 
from whole spinal cord synaptosomal preparations. Presently it 
is not known whether the S-opioid receptor on 5HT terminals in 
the spinal cord subserves presynaptic inhibition or presynaptic 
facilitation. 5HT has been reported to inhibit nociceptive neu- 
rons in lamina V (see Willcockson et al., 1984). Thus, presyn- 
aptic facilitation of 5HT release by opioids might result in an- 
tinociception. 

As mentioned above, the motor nuclei in the spinal cord are 
innervated by a dense network of varicosities double labeled for 
5HT and DOR. In the same region are found many varicosities 
immunoreactive for Leu- and/or Met-enkephalin. The latter 
opioids have their highest affinity for the S-opioid receptor (Cor- 
bett et al., 1993). Thus an endogenous ligand for activation of 
the S-opioid receptor that occurs on 5HT terminals in the ventral 
horn is present in close proximity to the receptor itself. It is 
unclear whether interactions between enkephalin terminals and 
DORs could be mediated synaptically, since electron micro- 
scopic studies of the ventral horn have not reported axoaxonic 
synapses onto 5HT terminals (Wang et al., 1989). A similar 

close but nonsynaptic relationship was noted in the case of the 
relationship of enkephalin to DOR-positive primary afferent ter- 
minals in the dorsal horn (Dado et al., 1993). However, it has 
been proposed that some neurotransmitters may act on receptors 
distant from their release sites (for more references see Fuxe and 
Agnati, 1991). 

It is also-possible that the S-opioid receptor functions as an 
autoreceptor. ENK-IR varicosities were occasionally double la- 
beled for DOR in the intermediolateral nucleus (Fig. 1 IA,& as 
well as in some areas in the brainstem (lateral reticular and par- 
agigantocellular reticular nuclei, raphe magnus area, and in the 
superficial part of the inferior colliculus), suggesting that DORs 
may modulate the release of enkephalin from these terminals. 
These findings are consistent with the observation that K+- 
evoked release of enkephalin from rat spinal cord slices has been 
found to be reduced, even in the presence of tetrodotoxin, by S- 
(DTLET) and p- (DAGO) opioid agonists (Collin et al., 1991). 
Another potential site at which DOR may act as an autoreceptor 
is on 5HT terminals in the ventral horn. Coexistence of 5HT 
and enkephalin has been observed in nucleus raphe pallidus and 
nucleus raphe obscurus, which project to the spinal ventral horn 
(Millhorn et al., 1989). Although coexistence of 5HT and en- 
kephalin appears to be rare in the rat ventral horn (Wessendorf 
et al., 1990), their coexistence has been reported in cat and mon- 
key (Tashiro et al., 1988; Arvidsson et al., 1992) and it is pos- 
sible that low levels of enkephalin are present in DOR-IR 5HT 
fibers in rat as well. Thus enkephalin may conceivably modulate 
its own release via activation of DOR on 5HT terminals in the 
ventral horn. 

In contrast to 5HT fibers, DOR were not found on fibers 
stained for TH (with the exception of a few fibers in nucleus 
raphe pallidus). Interfering with noradrenergic neurotransmis- 
sion decreases the potency of opiates (for references see Illes, 
1989), suggesting the presence of opioid receptors on noradren- 
ergic cells or their spinal processes. By using selective opioid 
receptor agonists and antagonists it has been demonstrated that 
depolarization-induced noradrenaline release from rat cortical 
slices is inhibited by opioids only via activation of F receptors 
(see Hagan and Hughes, 1984; Werling et al., 1987). Thus, S-op- 
ioid receptor-selective agonists such as DPDPE and DSTBULET 
had no effect on noradrenaline release. This inhibition of de- 
polarization-induced release of noradrenaline occurs not only in 
cortex but also in other brain areas (for references see Mulder 
and Schoffelmeer, 1993). Since no coexistence was found be- 
tween DOR and TH it thus appears unlikely that the actions of 
opiates on spinal cord and brainstem noradrenergic terminals are 
mediated via activation of DOR. 

In the brainstem DOR-IR varicosities were seen in close 
proximity to serotoninergic neurons in pans/medulla and mid- 
brain. In addition, DOR-IR varicosities were also found 
around TH-positive neurons in both the lateral tegmental nu- 
clei (A5), locus coeruleus, and in area A7. These observations 
suggest that afferent input to these regions may be modulated 
by DOR. 

In electrophysiological studies of 5HT neurons in nucleus 
raphe magnus, inhibitory postsynaptic potentials mediated by 
GABA have been reported to be decreased by activation of 
opioid receptors (Pan et al., 1990, 1993). Although p- rather 
than S-opioid receptors mediated the observed effects (Pan et 
al., 1990), the present findings suggest that opioid receptors 
are present on afferents to serotoninergic cells. Microinjection 
of morphine or opioid peptides into nucleus raphe magnus 
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Figure 14. Schematic drawing illustrating the distribution of 6-opioid 
receptors (DOR) in relation to serotoninergic (5HT) and catecholamin- 
ergic (TH) neurons and enkephalinergic (ENK) terminals. 

results in hypoalgesia (Dickenson et al., 1979; Levy and 
Proudfit, 1979; Azami et al., 1982; Jensen and Yaksh, 1986), 
suggesting that such receptors may be involved in mediation 
of analgesia. Similarly, electrophysiological studies have 
found evidence for K-opioid receptors on glutamate-contain- 
ing afferents to locus coeruleus (McFadzean et al., 1987; Pin- 
neck, 1992), again suggesting that the function of brainstem 
aminergic neurons may be modulated by opioid receptors on 
their afferents. The source of the DOR-IR fibers observed in 
these brainstem regions is not known. However, nucleus raphe 
magnus receives afferent input from PAG and nucleus cune- 
formis (Mantyh and Peschanski, 1982; Fardin et al., 1984). 
In addition, small afferent projections to nucleus raphe mag- 
nus from cells located in the area of the laterodorsal tegmental 
nuclei have also been observed (Beitz et al., 1983; Fardin et 
al., 1984). Thus, it is tempting to speculate that the DOR- 
positive cells seen in the laterodorsal tegmental nucleus and 
in PAG in part contribute to the afferent input to neurons in 
nucleus raphe magnus. 

t 

Conclusion 
These results demonstrate that the antisera used in the present 
study recognize a S-opioid receptor primarily compartmentalized 
to axonal fibers and varicosities in both the spinal cord and 
brainstem. The present study is important in that it identifies with 
greater clarity than previous studies at least some of the trans- 
mitters whose release is likely to be regulated by ligands for 
S-opioid receptors in the brainstem and spinal cord. In our at- 
tempts to identify neurotransmitter systems expressing DOR it 
was found that the bulbospinal serotoninergic, but not the nor- 
adrenergic, system innervating lamina V of the dorsal horn and 
somatic motor nuclei contained DOR. The parent cell bodies for 
both of these biogenic amine systems in the brainstem were 
apposed by DOR-positive fibers. Comparing the distribution of 
enkephalin and DOR, complementary but not overlapping dis- 
tribution was seen in many areas in the spinal cord and brain- 
stem, and thus it appears that an endogenous ligand for DOR is 
present in the close vicinity of the receptor. The subcellular lo- 
cation of DOR suggests that it in most cases functions as a 
presynaptic receptor. Thus, it seems that DOR has the potential 
to modify/regulate neurotransmission in a variety of ways, in 
particular by altering the release of transmitter from nerve ter- 
minals. Several studies suggest that opioid receptors in nerve 
terminals accomplish this action by inhibition of the Ca’+ chan- 
nels responsible for transmitter release (Werz and MacDonald, 
1983). Thus, it is likely that a close relationship exists between 
opioid receptors and Ca*+ channels at nerve terminals (North, 
1993). 
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