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Opioid-produced antinociception in mammals seems to be
mediated in part by pathways originating in the periaqueductal
gray (PAG) and the rostroventral medulla (RVM), and these
pathways may include serotonergic neurons. In the present
study, we examined the relationship of the cloned m- and
d-receptors (MOR1 and DOR1, respectively) to PAG neurons
projecting to the RVM, and RVM neurons projecting to the
dorsal spinal cord. This was carried out by combining immu-
nocytochemical staining for MOR1, DOR1, and serotonin with
fluorescent retrograde tract-tracing. Of 133 retrogradely la-
beled cells in the RVM, 31% were immunoreactive for MOR1.
Of the double-labeled cells, 41% also were immunoreactive for
5HT. Fifty-three percent of retrogradely labeled cells were ap-
posed by DOR1-ir varicosities; 29% of the apposed cells were
immunoreactive for 5HT. In the mesencephalon, cells retro-

gradely labeled from the RVM were usually surrounded by
MOR1-ir structures; however, retrogradely labeled cells were
never observed to be immunoreactive for MOR1. Similarly,
retrogradely labeled cells in the caudal midbrain were seldom,
if ever, labeled for DOR1; however, they frequently were ap-
posed by DOR1-ir varicosities. Of 156 retrogradely labeled
profiles from three rats, 52 (33%) were apposed by DOR1-ir
varicosities. We conclude that both m- and d-opioid receptors
could be involved in the antinociception mediated by the PAG–
RVM–spinal cord circuit. In addition, opioids seem likely to have
both direct and indirect effects on spinally projecting RVM cells
in general, and on serotonergic RVM cells in particular.
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Opioid-produced antinociception in mammals seems to be medi-
ated in part by descending pathways originating from several sites,
including the periaqueductal gray (PAG) and the rostroventral
medulla (RVM). It has been proposed that activation of cells in
PAG excites spinally projecting neurons in the RVM, which in
turn inhibit nociceptive cells in the spinal cord (Basbaum and
Fields, 1978, 1984; Fields and Basbaum, 1978). Some neurons in
the RVM and PAG contain serotonin (Dahlström and Fuxe, 1964;
Steinbusch, 1981), and these cells may be at least partially respon-
sible for the antinociceptive functions of these regions (Rivot et
al., 1988).
Distinct classes of cells that have different responses to opiates

and to noxious stimuli have been identified in these regions.
“ON-cells” are excited by pinch, commence firing just before a
tail-flick response, and are inhibited by opiate analgesics. “OFF-
cells” are inhibited by pinch, cease firing just before a tail-flick
response, and are excited by opiate analgesics (Fields et al., 1991).
Because electrical stimulation in either the PAG or the RVM
produces antinociceptive responses (Reynolds, 1969; Oliveras et

al., 1975; Proudfit and Anderson, 1975), it seems that excitation of
projection neurons (either from the RVM to the spinal dorsal
horn or from the PAG to the RVM) is sufficient to induce
antinociception. Because OFF-cells are excited by opioids, they
have been proposed to be mediators of the bulbospinal compo-
nent of opiate analgesia (Fields et al., 1991)
Opioid receptors have been localized to the PAG and to nu-

cleus raphe magnus (NRM) in the RVM using ligand-binding
autoradiography (Mansour et al., 1987; Tempel and Zukin, 1987;
Bowker and Dilts, 1988), immunocytochemistry (Arvidsson et al.,
1995a,b; Mansour et al., 1995), and electrophysiology (Pan et al.,
1990, 1993; Chieng and Christie, 1994a,b; Osborne et al., 1996);
however, the precise relationship of opioid receptors to the cir-
cuitry of these regions is not known. The cellular effects of
activation of opioid receptors are predominantly inhibitory (Dug-
gan and North, 1984; McFadzean, 1988), suggesting that the
excitatory effects of opioids in the midbrain and the RVM are
indirect; that is, excitation of these cells may be the result of the
inhibition of an inhibitory input (Yaksh et al., 1976; Pan et al.,
1993; Chieng et al., 1994a,b; Osborne et al., 1996). It has been
proposed that OFF-cells are indirectly excited by opioids in this
fashion and that at least some serotonergic neurons are OFF-cells
(Fields et al., 1991), although evidence against the latter has also
been presented (Potrebic et al., 1994).
In the present study, we examined the relationship of opioid

receptors to the PAG–RVM–spinal cord system by combining
immunocytochemical staining for m- and d-opioid receptors in the
PAG and RVM with retrograde tract-tracing from the RVM and
the spinal cord. In addition, we examined the distribution of these
opioid receptors with respect to neurons immunoreactive for
serotonin. We found evidence that both m- and d-opioid receptors
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may affect these neurons and that those receptors may exert their
effects both indirectly and directly.

MATERIALS AND METHODS
Sprague Dawley rats (150–200 gm; Harlan, Madison, WI) were used in all
experiments. For retrograde labeling of neurons projecting from the PAG
to the NRM, rats were first anesthetized by intramuscular injection of a
mixture of ketamine (75 mg/kg), xylazine (5 mg/kg), and acepromazine (1
mg/kg). An incision was made over the cisterna magna, and a hole (;3
mm wide and 7 mm long) was cut on the caudal midline of the occipital
plate using bone rongeurs. The dura was opened, and, if necessary to
expose the obex, the caudal-most portion of the cerebellar vermis was
gently displaced rostrally. A micropipette filled with 3% hydroxystilbami-
dine [Fluoro-Gold (FG); Fluorochrome, Inc., Englewood, CO] (Schmued
and Fallon, 1986; Wessendorf, 1991) in 0.9% NaCl was advanced through
the cerebellum into NRM using coordinates of 3.5 mm rostral and 4.0 mm
ventral to the obex, and with the electrode positioned at an angle of 1158
from vertical. Injections were made using a constant positive current (2–6
mA) applied for 2–10 min using a high-compliance current source (Model
CS-3; Stoelting, Chicago, IL). Animals were allowed to survive 2–3 d
before they were killed. Injection micropipettes were pulled from 1.5 mm
outer diameter, 1.2 mm inner diameter glass capillary tubing using a
Narishige puller (PE-2; Narishige, Tokyo, Japan). Tips were trimmed to
a diameter of ;30 mm.
To label bulbospinal neurons, FG was applied topically to the surface

of the lumbar spinal cord. The skin was opened at the level of the 13th rib,
a laminectomy was performed, and the dura was opened. To facilitate FG
labeling, the dorsal surface of the spinal cord was abraded very gently
using the sharpened end of a wooden swab. Two microliters of a 10%
solution of FG in DMSO were absorbed into a piece of gelfoam (;8

mm3) and placed on the surface of the spinal cord. The skin was closed,
and rats were allowed to survive 3–4 d before they were killed. Ninety
minutes before they were killed, rats that had been administered FG on
the lumbar spinal cord were loaded with an MAO inhibitor and trypto-
phan to improve the intensity of staining in serotonergic somata. Rats
were administered tranylcypromine (Sigma, St. Louis, MO), 60 mg/kg i.p.,
followed 30 min later by 300 mg/kg tryptophan (Sigma); 30–60 min after
the tryptophan injection rats were killed by being anesthetized deeply
with chloral hydrate (350 mg/kg, i.p.) and fixed by vascular perfusion. The
fixative was composed of 4% formaldehyde and 14% (v/v) saturated picric
acid in 0.16 M phosphate buffer, pH 6.9. Seven hundred milliliters of
fixative were followed by 400 ml of 10% sucrose solution in 0.1 M

phosphate buffer, pH 7.2. Tissue was sectioned at 10 mm using a Bright
cryostat (Huntington) or at 50 mm using a freezing microtome.
Sections were processed for immunofluorescence double-labeling using

antisera against 5HT raised in goat (Incstar, Stillwater, MN) combined
with rabbit antisera directed against either the cloned m-opioid receptor
(MOR1: Arvidsson et al., 1995b) or the cloned d-opioid receptor (DOR1:
Dado et al., 1993). Cryostat sections were incubated overnight at 148C
with goat anti-5HT, diluted 1:600, mixed with either rabbit anti-DOR1
(1:600) or rabbit anti-MOR1 (1:600). Sections were then washed in PBS
(15 min 3 3) at room temperature and incubated for 1 hr at room
temperature with the secondary antibodies. The secondary antibodies
that were used were donkey anti-goat conjugated with either FITC or
cyanine 5.18 (Cy5, 1:100), donkey anti-rabbit conjugated with cyanine
3.18 (Cy3, 1:100; MOR1-staining), or donkey anti-rabbit conjugated with
Lissamine rhodamine (1:100; DOR1-staining). All secondary antibodies
were obtained from Jackson Immunoresearch Laboratories (West Grove,
PA). After incubation with secondary antibodies, sections were washed
with PBS (15 min 3 3) and coverslipped.

Figure 1. Extents of the lumbar spinal injection sites. A–C, Images showing the maximal extent in the transverse plane of the FG application sites. Images
were taken from the three rats used for quantitative studies; labeling is predominantly in the superficial dorsal horn. D, Camera lucida drawings showing
the rostrocaudal extent of the largest of the application sites (rat AK 71). Shaded areas on drawings represent the extent of FG labeling at different lumbar
levels.
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Fifty micrometer frozen sections were incubated by allowing them to
float freely in antisera diluted as follows: 1:1000 for 5HT, 1:2000 for
DOR1, and 1:5000 for MOR1. Sections were incubated in primary
antisera for 40–70 hr at 148C with gentle agitation. Sections were then
washed in PBS (1 hr 3 3) at room temperature and incubated for 24 hr
at 148C with secondary antibodies, using the same reagents and dilutions
as for cryostat sections. Sections were washed in three changes of PBS for
1 hr each, mounted onto gel-coated slides, dried, and coverslipped.
Absorption controls were performed using sections immediately adja-

cent to those processed for normal staining. In absorption controls, 10 mg
of the peptide against which the antiserum was raised was added to each
milliliter of diluted antiserum. Multiple labeling can be obtained artifac-
tually if there is lack of specificity of the fluorophores and filters, the
secondary antibodies, or the primary antibodies (Wessendorf et al., 1990;
Wessendorf and Brelje, 1993). The multiple labeling obtained in these
studies did not seem to be artifactual.
Cryostat and frozen sections were coverslipped either with a PBS/

glycerol solution containing 0.1% phenylenediamine to reduce fading of
FITC (Johnson and de C Nogueria Araujo, 1981) or with DPX (Fluka,
Ronkonkoma, NY) if sections were not stained with FITC.
For quantification of MOR1 and DOR1-ir appositions in the midbrain

and the RVM, cryostat sections were used. MOR1 and DOR1 varicosities
were regarded as apposing FG neurons if no distance was discernible
between the varicosity and the cell in question, using a 403, 0.85 NA

objective. Physiological studies suggest that antinociceptive effects are
evoked largely from sites in or adjacent to the ventral lateral portion of
the PAG. For that reason, quantitative studies in the midbrain used cells
in the ventral lateral portion of the PAG and in the adjacent reticular
formation.
Both conventional and confocal microscopy were used in this study.

Conventional wide-field microscopic images were collected on an Olym-
pus BH-2 fluorescence microscope equipped with an Optiquip model
1200 illuminator (Highland Mills, NY) and a 200 W Ushio Xe-Hg lamp.
The filter sets were designed to allow selective visualization of FITC,
Lissamine rhodamine, cyanine 5.18, and FG. Filter bandpasses were as
follows: fluorescein, 460–490 nm excitation and 510–550 emission; Cy3
or Lissamine rhodamine, 545–551 nm excitation and 572–607 nm emis-
sion; and Cy5, 615–635 nm excitation and 655 nm longpass emission.
Digital conventional microscopic images were collected using a Cohu
4915 CCD camera (Cohu, San Diego, CA), a Power Macintosh 7100
computer equipped with a frame grabber (model LG-3; Scion Corpora-
tion, Frederick, MD), and Scion Corporation’s version of the public
domain National Institutes of Health (NIH) Image program [developed
at NIH and available from the Internet by anonymous FTP from zippy.
nimh.nih.gov or on floppy disk from the National Technical Information
Service (Springfield, VA), part number PB95-500195GEI].
Confocal images were collected using a Bio-Rad MRC600 or

MRC1000 confocal scanning laser microscope equipped with a Kr/Ar-ion

Figure 2. FG, 5HT, and MOR1 staining in two
adjacent sections. A, D, and G were obtained
using conventional fluorescence microscopy;
the remaining images were obtained using con-
focal microscopy. A–C, A single section con-
taining retrogradely labeled cells. The section
has been stained for both 5HT and MOR1.
D–F, An adjacent section that was stained iden-
tically, except that a MOR1 absorption control
was substituted. G–I, Higher-magnification im-
ages of the regions on A–C marked by the box.
A and D demonstrate the distribution of FG-
labeled neurons within NRM resulting after
lumbar application of FG (see Materials and
Methods). B and E show labeling for 5HT, and
C and F show labeling either from the MOR1
antiserum (C) or a MOR1 absorption control
(Abs Cont) (F ). MOR1-ir was reduced in ab-
sorption controls (F; also see text). In some
cases FG-labeled neurons (G) were labeled for
both 5HT (H ) and MOR1 (I ). Scale bars: A–F,
150 mm; G–I, 30 mm.
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Figure 3. Confocal images of MOR1 labeling of free floating (A–D) and cryostat (E–H ) sections through the RVM. A–F are coronal sections; G and
H are horizontal sections. A, C, E, G, Normal MOR1 labeling; B, D, F, H, MOR1 absorption controls performed on sections adjacent to A, C, E, and
G, respectively. C, D, Higher-magnification images from nucleus gigantocellularis pars a, as outlined on A and B, respectively. Note the presence of
MOR1-ir cells (C). E, F, Images taken of a coronal section at the level of the caudal trapezoid body, showing MOR1-ir cells and processes in NRM. G,
H, Horizontal section showing MOR1-ir within ventral NRM or nucleus raphe pallidus. Note density of labeling of neuropile. MOR1 labeling of cell
membranes and cytoplasm in the RVM was reduced in absorption controls, although nuclear staining was not affected and thus was assumed to be
nonspecific (D; also see text). Scale bars: A, B, 500 mm; C–H, 30 mm.
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laser (Bio-Rad, Richmond, CA). The microscope was equipped with
filters for the selective visualization of FITC, Lissamine rhodamine, and
Cy5, or of Cy3 and Cy5. Images were collected using 43 (NA 0.20), 103
(NA 0.5 or 0.45), 203 (NA 0.75), and 603 (NA 1.4) objectives.
Digital images were manipulated using Adobe Photoshop (version

3.0.4) and printed on a Fuji Pictography 3000 color printer. In some cases,
images were obtained for comparison (e.g., in the case of normal staining
and absorption controls; see Figs. 3, 5, 8, 10). If so, the comparable
images were manipulated identically, using the same adjustments to
contrast and brightness.
Specificity of antisera. The specificity of the staining obtained using the

MOR1 and DOR1 antibodies has been examined both in earlier papers
and in the present investigation. Previous studies of the MOR1 antiserum
showed that it stained COS cells transfected with MOR1, stained a band
on an immunoblot to which 125I-b-endorphin bound, and labeled brain
sections in a pattern that mirrored the pattern observed in ligand-binding
studies (Arvidsson et al., 1995b). In the present study, immunocytochem-
ical labeling for MOR1 in the brainstem agreed with the distribution of
m-opioid receptors reported in binding (Mansour et al., 1987; Tempel and
Zukin, 1987; Bowker and Dilts, 1988), immunocytochemical (Ding et al.,
1996), and physiological experiments (Pan et al., 1990; Kiefel et al., 1993;
Pan et al., 1993; Rossi et al., 1993, 1994). Moreover, absorption controls
abolished staining of the neuropile, the cell cytoplasm, and the cell
membrane (see Figs. 2 and 3); however, some staining of cell nuclei
remained in absorption controls (see Fig. 3D), and as a result, any nuclear
staining observed in the present study was regarded as artifactual.
Previous studies of the DOR1 antiserum have reported that it stained

bands of the appropriate molecular weight on immunoblots (Dado et al.,
1993). In addition, antibodies raised in different species against different
portions of the receptor were used for double labeling. We found that
structures that stained for one part of the receptor molecule also stained

Table 1. Relationship among 5HT, MOR1, and FG neurons

Rat

Cells counted within NRM

FG FG1MOR1 FG15HT
FG1MOR1
15HT

AK 71 53 15 (8) 11 6 (3)
AK 72 49 16 (15) 16 9 (5)
AK 73 31 10 (7) 10 2 (7)
Total 133 41 (30) 37 17 (15)

Relationships among RVM neurons retrogradely labeled from the dorsal spinal cord
and immunocytochemically labeled for 5HT and/or MOR1. Table shows the number
of retrogradely labeled cells counted in three sections from each of three rats. FG,
Number of cells retrogradely labeled with FG; FG1MOR1, number of cells double-
labeled for FG and MOR1-ir; FG15HT, number of cells double-labeled for FG and
5HT-ir; FG1MOR115HT, number of cells triple-labeled for FG, MOR1-ir, and
5HT-ir. Numbers in parentheses are the number of ambiguous cases, about which no
determination could be made.

Figure 4. Staining of neurons in NRM for MOR1 and 5HT. Images are of a single section through NRM at the level of the caudal trapezoid body. A,
B, Overview of the region examined. Solid line box marks the region shown in C and D; dotted line box marks the region shown in E–G. A, MOR1-ir; B,
5HT-ir; C, D, higher-magnification images of the region marked by the solid line box. Note the 5HT-ir process labeled for MOR1. E–G, Higher-
magnification images of the region marked by the dotted line box. In some cases, FG-labeled cells (E) that seemed not to be immunoreactive for 5HT (F )
were labeled for MOR1 (G). Scale bars: A, B, 75 mm; C, D, 25 mm; E–G, 30 mm.
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for the other, which suggested strongly that the bona fide protein was
being labeled (Arvidsson et al., 1995a). In the present studies, the
patterns of labeling observed in the caudal midbrain and in the RVM
resembled those reported previously (Arvidsson et al., 1995a). In addi-
tion, labeling for the d receptor was reduced or abolished in absorption
controls (see Figs. 5 and 10). Thus the staining observed in the present
study seems likely to be specific.

RESULTS
Retrogradely labeled RVM neurons
Application of FG onto the surface of the lumbar spinal cord
resulted in labeling of the dorsal portion of the spinal cord, with
the highest intensity of labeling within the substantia gelatinosa
(Fig. 1). No labeling of the ventral spinal cord or intermediate
gray matter was observed (Fig. 1). Lumbar application of FG gave
rise to a large number of retrogradely labeled cells within the
RVM, including NRM (Fig. 2), nucleus paragigantocellularis late-

ralis, and nucleus gigantocellularis pars a (not shown). These cells
were distributed largely at the level of NRM or in NRM itself;
fewer were found in nucleus raphe pallidus or nucleus raphe
obscurus.
Immunostaining of RVM sections for 5HT indicated that

;31% (83 of 270) of the FG labeled cells within the NRM were
5HT positive (Fig. 2). In contrast to previous studies of retrograde
labeling from the dorsal spinal cord (Skageberg and Björklund,
1985), double-labeled cells were observed at all rostrocaudal
levels of the NRM, from the inferior olive to the trapezoid body.
Labeling for MOR1 in NRM and the RVM was of moderate

intensity; i.e., it was fainter than that in the superficial dorsal horn
or locus coeruleus (Arvidsson et al., 1995b). MOR1-ir was wide-
spread, however, and was observed both in cell somata and in the
neuropile between somata (Figs. 2, 3). Labeling of the neuropile
could occasionally be so dense that individual MOR1-labeled cells
were difficult to distinguish (Fig. 3G). At high magnification it was
possible to distinguish small punctate MOR1-ir structures that
may have been axonal varicosities or fine dendrites (Fig. 3C,E).
These punctate structures were found apposed to most cells in the
RVM (Figs. 2G–I, 3C,E, 4E–G). In absorption controls, labeling
of the neuropile, the cell cytoplasm, and the cell membrane was
reduced greatly (compare Fig. 2C with 2F and Fig. 3A,C,E,G with
3B,D,F,H, respectively). In contrast, staining of the nuclear mem-
brane sometimes remained (Fig. 3D). Thus staining that only
labeled the nuclear membrane was regarded as nonspecific.
Some cells and processes immunoreactive for MOR1 seemed to

contain 5HT (Figs. 2B,C,H,I, 4C,D); of those, some cells were
labeled retrogradely from the dorsal spinal cord (Fig. 2G–I). In
addition, other cells immunoreactive for MOR1 were labeled
retrogradely from the dorsal spinal cord but were not 5HT-ir
(Fig. 4E,G).
The proportion of retrogradely labeled cells that were MOR1-ir

was determined in nine sections of the RVM, taken at the levels

Figure 5. Images of adjacent sections
through NRM stained with either the
DOR1 antiserum (A) or the DOR1 an-
tiserum to which was added 10 mg/ml of
the peptide against which the antiserum
was raised (B). Specific labeling was re-
duced or abolished in the absorption
control. Scale bar, 50 mm.

Table 2. Relationship among 5HT, DOR1, and FG neurons

Rat

Cells counted within NRM

FG
FG apposed
by DOR1 FG15HT

FG15HT
apposed
by DOR1

AK 71 51 25 (7) 18 11 (1)
AK 72 37 21 (11) 11 6 (3)
AK 73 49 27 (10) 17 4 (2)
Total 137 73 (28) 46 21 (6)

Relationships among neurons retrogradely labeled from the dorsal spinal cord,
neurons immunoreactive for 5HT, and neurons apposed by DOR1-ir varicosities.
Table shows the number of retrogradely labeled cells counted in five sections from
each of three rats. FG, Number of cells retrogradely labeled with FG; FG apposed
by DOR1, number of retrogradely labeled profiles apposed by DOR1-ir varicosities;
FG15HT, number of 5HT-ir neurons retrogradely labeled with FG; FG15HT
apposed by DOR1, number of 5HT-ir neurons retrogradely labeled with FG and
apposed by DOR1-ir varicosities. Numbers in parentheses are the number of am-
biguous cases, about which no determination could be made.
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of the inferior olive, the facial nucleus, and the trapezoid body of
rats AK 71, AK 72, and AK 73 (Table 1). A total of 133 retro-
gradely labeled cells were observed. Of these, 31% were MOR1-ir
(Figs. 4, 5); an additional 23% of the retrogradely labeled cells
were ambiguous cases, and it was not possible to determine
whether they were immunoreactive for MOR1. Of the cells
double-labeled for FG and MOR1, 41% were also immunoreac-
tive for 5HT. The latter constituted 46% of the retrogradely
labeled 5HT-ir cells counted in this part of the study (Figs. 2, 5).
In addition, half of the ambiguous cases were immunoreactive
for 5HT.
The DOR1 antiserum also was used to stain sections containing

retrogradely labeled RVM cells. As reported previously (Arvids-
son et al., 1995a), the DOR1 antiserum labeled large numbers of
varicose processes in the RVM (Fig. 5A); this staining was re-
duced greatly or abolished in absorption controls (Fig. 5A,B).
When tissues containing retrogradely labeled cells were stained
for 5HT and DOR1, some retrogradely labeled somata that were
apposed by DOR1-ir varicosities were also immunoreactive for
5HT (Fig. 6A–D). Interestingly, some DOR1-ir varicosities ap-
posed to FG-containing cells were also immunoreactive for 5HT
(Fig. 6C,D). In addition to apposing 5HT-ir cells, in some cases
DOR1-ir varicosities apposed retrogradely labeled cells that were
not immunoreactive for 5HT (Fig. 6E–G).
Of 137 FG-labeled somatic profiles that were found in a total of

five sections taken from each of three rats, 53% were apposed by

DOR1-ir varicosities (Table 2). (In an additional 20% of cases, it
was unclear whether these profiles were apposed). Of the profiles
that were apposed, 29% were immunoreactive for 5HT and 71%
were not. The 5HT-ir profiles that were apposed represented 46%
of the total number of retrogradely labeled 5HT-ir somatic pro-
files counted in this part of the study.

Retrogradely labeled neurons in the PAG and
caudal mesencephalon
Iontophoretic injections of FG into the RVM were nearly spher-
ical in shape, ranging from 0.2 to 1 mm in diameter (Fig. 7). The
larger injection sites generally had a well defined necrotic core
(Fig. 7). FG injections into the RVM resulted in retrograde
labeling of neurons in both dorsal and ventral portions of PAG as
well as in the adjacent reticular formation; this pattern was similar
to those reported previously for retrograde labeling from the
RVM (Gallager and Pert, 1978; Beitz, 1982). MOR1 labeling was
found throughout the PAG but was most prominent in the dorsal
lateral portion and along the ventral lateral border (Fig. 8A).
Caudally, MOR1-ir was also prominent between the two medial
longitudinal fasciculi (Fig. 8A), frequently extending dorsally
from that region (Fig. 8D). MOR1-ir was found in other portions
of the caudal midbrain as well, including lateral lemniscus, retic-
ular formation, the cuneiform nucleus, and the lateral parabra-
chial nucleus. The strongest MOR1-ir was found in nucleus raphe

Figure 6. Images obtained by conventional
or confocal microscopy of sections through
NRM that were doubly stained for 5HT
and DOR1. A–D, 5HT cell retrogradely
labeled from the dorsal spinal cord and
apposed by DOR1-ir varicosities. A, B,
Conventional images showing FG labeling
of a 5HT-ir cell in nucleus paragigantocel-
lularis lateralis. A, FG; B, 5HT-ir; C,
higher-magnification confocal image show-
ing 5HT-ir varicosities apposed to the cell.
D, DOR1-ir in the same field as C. Some of
the 5HT-ir varicosities apposed to the cell
were also immunoreactive for DOR1 (ar-
rowheads). E–G, Nonserotonergic neurons
retrogradely labeled from the dorsal spinal
cord and apposed by DOR1-ir varicosities.
E, FG; F, 5HT-ir; G, DOR1-ir. In some
cases, retrogradely labeled cells that were
not labeled for 5HT were apposed by
DOR1-ir varicosities (arrows). Scale bars:
A, B, 30 mm; C, D, 15 mm; E–G, 25 mm.
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medianis, which contained large numbers of intensely labeled
cells (Fig. 9).
Cell somata, dendrites, and punctate processes labeled for

MOR1 were observed within the caudal mesencephalon in and
adjacent to the PAG (Fig. 8). As was the case in the RVM,
MOR1-ir in the PAG was distributed widely but was not always
strong. The labeling was greatly reduced in absorption controls
(compare Fig. 8A,F with 8B,G, respectively).
Mesencephalic cells retrogradely labeled from the RVM were

usually surrounded by small MOR1-ir structures, possibly distal
dendrites or nerve terminals (Fig. 8H,I); however, retrogradely
labeled cells themselves were never immunoreactive for MOR1
(Fig. 8H,I). This lack of double labeling was not the result of FG
toxicity (Garrett et al., 1991), because we observed the same lack

of labeling when fluorescent microspheres were used as the ret-
rograde tract-tracer was used (data not shown). Despite the
presence of both MOR1-ir cells and 5HT-ir cells in nucleus raphe
medianis, double labeling was not observed (Fig. 9); double la-
beling also was not observed for either 5HT or MOR1 in nucleus
raphe dorsalis (Fig. 11).
In agreement with previous studies (Arvidsson et al., 1995a),

the caudal midbrain was found to contain both DOR1-ir varicose
fibers and a limited number of DOR1-ir cells (Figs. 10, 11). Cells
were observed mainly in the ventral lateral portion of the caudal-
most PAG (Fig. 10A,C,D,H). These cells were seldom or never
found to be retrogradely labeled from the RVM (Fig. 10H,I).
DOR1-ir varicosities were distributed throughout the PAG; the
largest accumulation was found in the ventral lateral PAG (Fig.

Figure 7. FG injection sites in the RVM and the resulting retrograde labeling in the caudal midbrain. A–C, Conventional images of FG injection sites
in the RVM (largely NRM) for each of the three animals from which quantitative data were obtained (AK 26, AK 27, and AK 28). Each image is a montage
of four to six individual micrographs. tz, Trapezoid body; nc, necrotic core. Dashed line represents the dorsal border of the trapezoid body. C, Camera
lucida drawings of the rostrocaudal extent of the largest injection (AK 26). Numbers approximate the level of the corresponding figures in the Paxinos and
Watson atlas of rat brain. E, Retrograde labeling of neurons within a single section of the caudal midbrain of rat AK 26. Solid dots represent FG-labeled
cells. Box represents the boundary of the region in which quantitative studies were performed. PAG, Periaqueductal gray; IC, inferior colliculus; Aq,
aqueduct; DR, dorsal raphe.
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Figure 8. Images of MOR1-immunoreactivity obtained by confocal (A–G, 50 mm frozen sections) and conventional (H, I, 10 mm cryostat sections)
microscopy in caudal PAG. A, Low-magnification image showing distribution of MOR1 staining. Labeling is reduced or absent in absorption control (B).
C, Higher-magnification image of MOR1-ir cells and processes observed within the lateral PAG (box outlined on A). D, Densely packed MOR1-ir
processes were observed in the caudal-most PAG, in the vicinity of nucleus raphe dorsalis. E, F, Higher-magnification images of lateral (E) and ventral
(F ) PAG. These regions contained small MOR1-ir processes that resembled axonal varicosities. G, Absorption control using a section serially adjacent
to that in F. Most of the labeling seen in F was absent in absorption controls. H, I, Relationship of MOR1-ir to retrograde labeling from the RVM.
FG-labeled neurons (H ) were never observed to be labeled for MOR1 (I, arrow). Scale bars: A, B, 300 mm; C, D, 75 mm; E–G, 25 mm; H, I, 30 mm.
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10A,F). Dense accumulations also occurred in the ventral medial
PAG (Fig. 10A,D) and in the dorsal PAG immediately adjacent to
the aqueduct (Fig. 10A).
Although retrogradely labeled cells in the caudal midbrain were

rarely if ever immunoreactive for DOR1, they frequently were
apposed by DOR1-ir varicosities: of 156 retrogradely labeled
profiles from three rats, 52 (33%) were apposed by DOR1-ir
varicosities.

DISCUSSION
We draw three principal conclusions from these studies. First,
both m- and d-opioid receptors are present in brainstem antino-
ciceptive circuits, and thus it seems that both receptors could be
involved in the supraspinal component of opiate analgesia. Sec-
ond, we propose that opioids exert mainly indirect effects on
PAG–RVM projection neurons, but exert both direct and indirect
effects on bulbospinal neurons. Third, some serotonergic neurons
projecting to the spinal dorsal horn express m-opioid receptors.
These conclusions are summarized in Figure 12.

Opioid receptors and projection neurons in the RVM
and the PAG
In the RVM (including NRM), DOR1-ir varicosities apposed
approximately half of all neuronal profiles projecting to or
through the dorsal spinal cord; some of those profiles were la-
beled for 5HT. (This number seems likely to underestimate rather
than overestimate the true percentage of apposed cells, because a
cell might be unapposed in the section that was examined but
apposed in other sections.) From these findings we conclude that
d-opioid receptors in this region may control inputs to neurons
involved in modulating nociception. These studies were per-
formed using only light microscopic methods, and electron mi-
croscopy will be required to determine whether the appositions
observed in the present study represent actual synapses. The

appearance of the relationships between varicosities and cells,
however, suggested that at least in some cases synapses might exist
between DOR1-ir terminals expressing DOR1 and bulbospinal
neurons.
In a previous study, DOR1-ir was found to label 5HT-ir fibers

in nucleus proprius of the dorsal horn and in the ventral horn
(Arvidsson et al., 1995a). The bulbospinal neurons in the present
study were probably labeled largely from the more superficial
layers of the dorsal horn. Thus the present findings of DOR1-ir
appositions onto bulbospinal 5HT-ir cells suggest that d-opioid
receptors can control spinal serotonergic tone by two distinct
means. The first of these is by affecting afferent input to cells
projecting to the superficial dorsal horn. The second is by directly
affecting the release of serotonin from axonal terminals in the
deep dorsal horn and ventral horn.
In addition to being apposed by DOR1-ir varicosities, almost

one third of all RVM neurons projecting to or through the dorsal
spinal cord (including almost half of the projection neurons that
were immunoreactive for 5HT) were immunoreactive for MOR1.
Thus m-opioid receptors seem to be in a position to directly
control the activity of many cells in the RVM, including 5HT cells.
The response to opioids of putative 5HT cells in the RVM has
been studied previously. In a set of in vitro experiments, Pan et al.
(1993) reported that most immunocytochemically confirmed 5HT
cells responded to opioids. The response was indirect, however,
and was mediated through a GABAergic synapse (Pan et al.,
1990): only 1 of 27 5HT cells responded directly to an opioid
agonist (Pan et al., 1993). Using in vivo electrophysiological re-
cording, some groups have suggested that there is little or no
effect of opiates on putative 5HT cells (Auerbach et al., 1985;
Chiang and Pan, 1985; Potrebic et al., 1994), although other
studies suggest that activation of 5HT cells occurs in vivo (Bineau-
Thurotte et al., 1984).

Figure 9. Serotonergic neurons in nucleus raphe medianis do not express MOR1. A, B, Confocal images of sections through raphe medianis that were
stained for 5HT (A) and MOR1 (B). Arrows point to 5HT-ir cells that are not labeled for MOR1. Scale bar, 50 mm.
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Figure 10. Images of DOR1-ir in caudal PAG obtained by confocal (A–G, 50 mm frozen sections) and conventional microscopy (H, I, 10 mm cryostat
sections). A, B, Low-magnification overview of DOR1-ir in PAG and adjacent reticular formation. Labeled structures generally seemed to be varicosities,
but some cells were also present. A, DOR1-ir; B, absorption control, serially adjacent to section shown in A. DOR1 staining was reduced or abolished
in absorption controls. C, DOR1-ir cell. Image was taken from the region outlined in D. D, E, Higher-magnification views of ventral medial PAG. Area
shown is outlined on A. D, DOR1-ir; E, absorption control, serially adjacent to section shown in D. F, G, Higher-magnification views of ventral lateral
PAG. Area shown is outlined on A. F, DOR1-ir; G, absorption control, serially adjacent to section shown in F. H, I, DOR1-ir cells were rarely, if ever,
retrogradely labeled from the RVM. H, DOR1-ir; I, FG. Arrows point to retrogradely labeled cells. Scale bars: A, B, 300 mm; C, 10 mm; D–G, 150 mm;
H, I, 30 mm.
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With regard to the PAG, varicosities that were immunoreactive
for DOR1 were observed in regions implicated in antinociception,
such as the cuniform nucleus, the ventral lateral PAG, and the
nucleus raphe dorsalis (Fig. 10). It has been reported that micro-
injection of the d-opioid agonist deltorphin into the PAG results
in antinociception, suggesting that physiologically significant
d-opioid receptors exist in that region (Rossi et al., 1994). In the
present study, DOR1-ir varicosities apposed approximately one
third of the cells in the caudal midbrain tegmentum (including the
ventral lateral PAG) that projected to or through the RVM.

m-Opioid receptors previously have been reported in the PAG
and adjacent midbrain (Mansour et al., 1987, 1994, 1995; Tempel
and Zukin, 1987; Arvidsson et al., 1995b; Ding et al., 1996). In the
present study, MOR1-ir seemed not to be common in mesence-
phalic neurons projecting to NRM; however, retrogradely labeled
cells frequently were surrounded by punctate MOR1-ir (Fig.
8H,I). A large proportion of the punctate labeling observed in the
PAG seemed to be specific (compare Fig. 8G with 8F), suggesting

that MOR1 is expressed in nerve terminals or other processes in
close proximity to mesencephalic neurons projecting to the RVM.
Thus both d- and m-opioid receptors are common in the vicinity of
midbrain neurons involved in antinociception.
Our findings agree in general terms with those of Osborne et al.

(1996), who reported that only 14% of neurons in the ventral
lateral PAG that projected to NRM were inhibited directly by

Figure 11. A, Section of nucleus raphe dorsalis stained for both 5HT and
MOR1. As in nucleus raphe medianis (Fig. 9), serotonergic cells in NRD
seldom if ever expressed MOR1-ir; however, MOR1-ir processes were
found adjacent to 5HT cells and seemed to outline the region in which
5HT-ir cells occurred. B, DOR1-ir varicosities frequently apposed PAG
cells retrogradely labeled from the RVM. In this image, FG was pseudo-
colored green. Scale bars: A, 50 mm; B, 10 mm.

Figure 12. Schematic diagram depicting proposed relationships between
opioid receptors and neurons within the PAG–RVM–spinal cord circuit.
Top, PAG; middle, RVM; bottom, spinal cord. We propose that axon
terminals expressing DOR1 synapse onto mesencephalic neurons, includ-
ing PAG neurons, projecting to the RVM. Cell somata expressing MOR1
are found in the PAG, and terminals expressing MOR1 may also synapse
onto mesencephalic neurons projecting to the RVM (question mark). In
the RVM, we conclude that neurons expressing MOR1-ir in their somata
project to the spinal dorsal horn and that some of these cells contain 5HT.
(At this time, however, it is unclear whether these 5HT neurons express
MOR1 on their spinal terminals.) Thus our data suggest that opiate
analgesics may directly inhibit some bulbospinal neurons (see Discussion).
In addition, nerve terminals expressing DOR1 may synapse onto both
5HT and non-5HT cells projecting to the dorsal horn. Terminals express-
ing MOR1 may also synapse onto bulbospinal neurons (question mark), as
may neurons projecting from the PAG. For the sake of simplicity, we did
not illustrate DOR1-labeled serotonergic fibers present in nucleus pro-
prius of the dorsal horn and in the ventral horn (Arvidsson et al., 1995a).
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opioids. [This effect seems to have been mediated by m-opioid
receptors (Chieng and Christie, 1994a)]. Thus it would be ex-
pected that at least some mesencephalic neurons projecting to
NRM would be labeled for MOR1. Although both the MOR1 and
DOR1 antisera seem to be specific, it is not certain that all m- and
d-opioid receptors are labeled by these antisera, and thus these
negative findings could be attributable to expression of m-opioid
receptors not recognized by our antisera. However, the absence of
retrogradely labeled MOR1-ir cells observed in the present study
could also reflect developmental differences. Adult rats were used
in the present study, whereas neonatal rats were used in Osborne
et al. (1996). Thus it would be of interest to repeat these studies
in neonatal rats.

Opioid receptors and descending inhibitory systems
Both m- and d-opioid receptors were found to have relationships
with neurons in the PAG–RVM–spinal cord circuit. As discussed
above, it has been proposed that m-opioid receptors on afferents
to projection neurons, in both the PAG and the RVM, disinhibit
the firing of those cells. In light of our findings, it seems possible
that d-opioid receptors on afferents to PAG and RVM cells also
are disinhibitory. As with m-opioid receptors, d-opioid receptors
seem to be predominantly inhibitory, and it has been reported
that DOR1-ir in the hippocampus occurs on GABAergic termi-
nals (Bausch et al., 1995).
The fact that m- and d-opioid agonists have been reported to

have synergistic actions when microinjected into the PAG or the
RVM (Rossi et al., 1993, 1994) suggests that the two receptors
have similar or complementary roles with regard to antinocicep-
tion. Morphine has a 30- to 50-fold lower potency at d-opioid
receptors than at m-opioid receptors (Corbett et al., 1993), sug-
gesting that d-opioid receptors may not directly mediate the
effects of morphine. Morphine administration, however, seems to
cause release in the PAG of Met-enkephalin (Williams et al.,
1995), which is highly potent at d-opioid receptors (Corbett et al.,
1993). Thus it seems that in the PAG–RVM–spinal cord circuit,
d-opioid receptors could play a major role in opioid-induced pain
modulation. Because physiological stimuli also have been re-
ported to evoke enkephalin release in PAG (Yaksh and Elde,
1981; Williams et al., 1995), it seems possible that d-opioid recep-
tors might be involved in physiological forms of antinociception
as well.
Disinhibition of either the PAG or the RVM would increase

descending inhibition of nociception if present models of opiate
action are correct (Basbaum and Fields, 1984; Fields et al., 1991). In
contrast, inhibition of RVM neurons projecting to the dorsal horn
would be expected to decrease descending inhibition. In the present
study we found evidence for circuitry that would decrease descending
inhibition in response to opioids. RVMneurons (including both 5HT
and non-5HT neurons) projecting to or through the dorsal spinal
cord seemed to express the cloned m-opioid receptor. Given the
relatively high proportion of retrogradely labeled cells stained for
MOR1, it seems likely that at least some of these cells actually
terminated in the dorsal horn rather than being labeled via axons of
passage. Moreover, the actions of m-opioid receptors have been
reported to be predominantly or entirely inhibitory (see introductory
remarks). If so, it seems likely that opiates inhibit some RVM cells,
including some 5HT cells, that project to the spinal dorsal horn. Thus
these cells would be classified ON-cells, according to the model
proposed by Fields et al. (1988, 1991). This finding is consistent with
the report that both OFF-cells, which are excited by opiates, and

ON-cells, which are inhibited by opiates, project to the dorsal horn
(Fields et al., 1995).
There are two possible interpretations of these findings, de-

pending on the spinal function of the raphe–spinal neurons ex-
pressing MOR1. If activation of these cells inhibits nociception,
then inhibition of these cells by opioids would result in a decrease
in descending inhibition of nociception. The latter would be at
least partially consistent with the model of opiate antinociception
proposed by Advokat (1988, 1993). If the projections facilitate
nociception, as has been proposed for ON-cells (Fields and Bas-
baum, 1978; Kaplan and Fields, 1991), then their inhibition by
opioids would result in a decreased facilitation, i.e., increased
inhibition, of nociception.
In conclusion, we find that both m- and d-opioid receptors are

present in brainstem antinociceptive circuits. In addition, these
receptors seem positioned both to excite and to inhibit bulbospi-
nal systems controlling nociception. Thus our findings suggest that
the actions of opiate analgesics are more complex than has been
supposed previously.
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