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Substance P (SP) is a peptide that is present in unmyelinated
primary afferents to the dorsal horn and is released in response
to painful or noxious stimuli. Opiates active at the m-opiate
receptor (MOR) produce antinociception, in part, through mod-
ulation of responses to SP. MOR ligands may either inhibit the
release of SP or reduce the excitatory responses of second-
order neurons to SP. We examined potential functional sites for
interactions between SP and MOR with dual electron micro-
scopic immmunocytochemical localization of the SP receptor
(NK1) and MOR in rat trigeminal dorsal horn. We also examined
the relationship between SP-containing profiles and NK1-
bearing profiles. We found that 56% of SP-immunoreactive
terminals contact NK1 dendrites, whereas 34% of NK1-
immunoreactive dendrites receive SP afferents. This result in-
dicates that there is not a significant mismatch between sites of
SP release and available NK1 receptors, although receptive

neurons may contain receptors at sites distant from the peptide
release site. With regard to opioid receptors, we found that
many MOR-immunoreactive dendrites also contain NK1 (32%),
whereas a smaller proportion of NK1-immunoreactive dendrites
contain MOR (17%). Few NK1 dendrites (2%) were contacted
by MOR-immunoreactive afferents. These results provide the
first direct evidence that MORs are on the same neurons as
NK1 receptors, suggesting that MOR ligands directly modulate
SP-induced nociceptive responses primarily at postsynaptic
sites, rather than through inhibition of SP release from primary
afferents. This colocalization of NK1 and MORs has significant
implications for the development of pain therapies targeted at
these nociceptive neurons.
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Substance P (SP) is contained in many unmyelinated primary
afferent axons that terminate in the dorsal horn of the spinal cord
and caudal spinal trigeminal nuclei (Hökfelt et al., 1975; Barber et
al., 1979). SP is released from primary afferent terminals by
noxious or painful stimuli (Go and Yaksh, 1987; Duggan et al.,
1988; Lerma et al., 1997) and is thought to be involved in pain
transmission at the first central synapse. This hypothesis is sup-
ported by the observation that humans with diminished pain
sensitivity appear to lack SP-containing fibers specifically in the
dorsal horn area (Pearson et al., 1982). Furthermore, mice with-
out the gene that encodes the SP precursor peptide show dimin-
ished responses to intensely painful stimuli (Cao et al., 1998).
Anatomically, SP-containing terminals in the spinal dorsal horn
preferentially target neurons that encode noxious stimuli but not
those that encode innocuous stimuli (De Koninck et al., 1992; Ma
et al., 1997).

Ligands of the m-opiate receptor (MOR), such as morphine,
are highly effective in blocking or reducing nociceptive transmis-
sion at the spinal level (Yaksh and Rudy, 1976), and this antino-
ciception is thought to be caused at least partially by diminished
release of SP (Jessell and Iversen, 1977; Go and Yaksh, 1987;

Mauborgne et al., 1987; Collin et al., 1992; Suarez-Roca and
Maixner, 1992). These data, along with findings that dorsal rhi-
zotomy can cause a significant reduction in MOR binding in the
dorsal horn (LaMotte et al., 1976; Besse et al., 1992; Zhang et al.,
1998), have led to suggestions that MOR ligands act at receptors
that are localized mainly presynaptically on SP-containing axon
terminals in the dorsal horn (Hökfelt et al., 1977; Jessell and
Iversen, 1977; Besse et al., 1992).

Other evidence suggests that MOR agonists produce antinoci-
ception by decreasing the activity of neurons that receive afferent
input from SP-containing axon terminals. First, studies using
antibody-labeled microprobes to detect SP release within the
spinal cord of intact cats have reported no effect of systemic
morphine on SP release (Morton et al., 1990). Second, there is
residual binding to MORs in the dorsal horn that remains stable
long after rhizotomy (Besse et al., 1992). Third, MOR-
immunoreactive somata and dendrites are present in the dorsal
horn (Cheng et al., 1996; Zhang et al., 1998; Aicher et al., 2000).
Fourth, identified nociceptive neurons in the dorsal horn are
postsynaptic to SP-containing terminals and terminals that con-
tain enkephalin, a peptide that is a potential endogenous ligand
for MORs (Ma et al., 1997). We also showed recently that
SP-containing terminals frequently contact dendrites containing
MOR, but MOR is only rarely contained within SP terminals
(Aicher et al., 2000). Together these results suggest that MORs
may be located at sites postsynaptic to SP terminals in the dorsal
horn. If this is true, MORs should be colocalized with the SP
receptor, NK1.

We quantitatively examined the cellular distributions of MORs
and NK1 in the medullary dorsal horn to determine whether
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there was morphological evidence supporting a presynaptic
and/or postsynaptic model for the observed functional interac-
tions between SP-receptive and MOR-containing cells. We used
dual-labeling immunocytochemistry for NK1 and MOR with
immunogold and immunoperoxidase detection of each antigen.
Tissue sections were collected through laminae I and II (outer) of
the rat spinal trigeminal caudalis, and randomly sampled profiles
were examined with an electron microscope. The spinal trigemi-
nal caudalis is functionally analogous to the spinal dorsal horn
(Dubner and Bennett, 1983) and is enriched in SP-containing
primary afferents and MOR binding sites (Jessell and Iversen,
1977; Priestley et al., 1982).

MATERIALS AND METHODS
Perfusion and tissue processing. The procedures used in these studies were
approved by the Institutional Animal Care and Use Committee of
Cornell University Medical College. All efforts were made to prevent
animal suffering and to use the minimum number of animals needed to
make sound scientific conclusions. Male Sprague Dawley rats (300–400
gm; n 5 8) were deeply anesthetized with an overdose of sodium
pentobarbital (150 mg/kg, i.p.) and perfused through the ascending aorta
with 3.8% acrolein in 2.0% paraformaldehyde, followed by 2% parafor-
maldehyde [in 0.1 M phosphate buffer (PB), pH 7.4]. The medulla was
removed and placed in 2% paraformaldehyde for 30 min, then sectioned
(40 mm) on a vibrating microtome (Leica, Rockleigh, NJ) and collected
into 0.1 M PB.

Antisera. Well characterized commercial antibodies were used for
these experiments. A rabbit anti-peptide antibody to NK1 (Novus Bio-
logicals, Littleton, CO) was generated against a 15-residue portion (KT-
MTESSSFYSNMLA) of the C terminus of the rat NK1 receptor con-
jugated to bovine thyroglobulin. Staining is abolished by preabsorption
with the antigenic peptide, and the staining is detected in tissues known

to contain high levels of NK1. In our hands, the immunocytochemical
distribution of NK1 was identical to that shown in previous studies of
trigeminal dorsal horn (Brown et al., 1995). The NK1 antibody was used
at a dilution of 1:1000 for peroxidase labeling and 1:100 for immunogold
labeling. A rat monoclonal antiserum to SP was obtained from Sera Labs
(Westbury, NY) (Milner et al., 1988). This antibody is secreted by a
hybridoma formed by fusion of a mouse myeloma cell and a spleen cell
from a Wistar rat immunized with substance P conjugated to BSA. The
hybridoma secretes only specific heavy and light chains that recognize
the C-terminal end of substance P. Dot blot immunocytochemistry
showed that this antibody recognizes SP and also shows some binding to
other members of the tachykinin family, including neurokinins A and B
and physalaemin (Milner et al., 1988), but does not recognize neurome-
din B or neuromedin C. This antibody was used at a dilution of 1:1000 for
immunoperoxidase labeling. The guinea pig anti-MOR antiserum was
obtained from Chemicon International (Temecula, CA). This anti-
peptide antibody was produced using the a synthetic peptide (NHQLEN-
LEAETAPLP) that corresponds to amino acids 384–398 of the C
terminus of the cloned rat MOR1. The pattern of labeling obtained is
identical to that seen with other MOR antibodies, and labeling is abol-
ished by preabsorption with the antigenic peptide. The MOR antibody
was used at a dilution of 1:5000 for immunogold silver labeling and
1:10,000 for immunoperoxidase localization.

The secondary antibodies used in these studies were obtained from
commercial sources as follows: biotinylated donkey anti-rabbit IgG, don-
key anti-rat IgG, and donkey anti-guinea pig IgG (Vector, Burlingame,
CA); gold-conjugated goat anti-rabbit IgG and goat anti-guinea pig IgG
(Amersham, Arlington Heights, IL). Secondary antibodies were used at
a dilution of 1:400 for immunoperoxidase labeling and 1:50 for immu-
nogold labeling.

The MOR localization that was obtained with this antibody is consis-
tent with the localization of MOR as detected with receptor autoradiog-
raphy (LaMotte et al., 1976; Besse et al., 1990; Besse et al., 1992) and
with immunolabeling for other MOR antibodies (Arvidsson et al., 1995;

Figure 1. Light micrographs showing immunoperoxidase labeling for SP, NK1, and MOR in the dorsal horn of spinal trigeminal caudalis. Labeling for
SP and MOR was found almost exclusively in laminae I and II of the trigeminal dorsal horn, adjacent to the spinal trigeminal tract (sp5). SP labeling
was seen primarily in punctate profiles resembling axon terminals (arrowheads). NK1 labeling was seen in a few cell bodies in both lamina I and deeper
laminae (straight arrows) but was primarily found in long, slender processes resembling dendrites (curved arrows). MOR immunolabeling was diffuse, and
it was difficult to identify specific structures at the light microscopic level, but most of the labeled structures were seen in the laminae that contained the
highest density of SP and NK1 labeling. Scale bars, 0.2 mm.
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Mansour et al., 1995). Therefore, the labeling described in this study is
likely to represent MOR protein. The SP antibody has been character-
ized previously in this laboratory (Milner et al., 1988) and recognizes
mainly SP, with more modest detection of neurokinins A and B and
physalaemin, but does not recognize neuromedins A or C. Therefore, the
SP labeling is mainly SP but probably includes some profiles that contain
other tachykinins, which may also be involved in nociceptive transmission
(Neugebauer et al., 1996). The NK1 receptor labeling is also consistent
with that reported in other studies and appears to be selective for this
receptor subtype (Liu et al., 1993; Routh and Helke, 1995; McLeod et al.,
1998), although it may not recognize all of the isoforms of the receptor

(Mantyh et al., 1996). Although the antibodies used in the present studies
have been well characterized, it is always possible that a portion of the
labeling obtained with each antibody may reflect detection of similar or
identical peptides in a different protein. Thus, for all data and discus-
sions, the term “labeling” should be understood to mean antigen-like
immunoreactivity.

Dual labeling for NK1 and MOR. Details of the methods for combined
immunoperoxidase and immunogold labeling have been published pre-
viously (Chan et al., 1990; Aicher et al., 1995, 1996, 1997). Tissue was
processed using each detection method for the localization of NK1 and
MOR antisera to control for differences in sensitivity of the two detec-
tion methods (Leranth and Pickel, 1989). Tissue sections were incubated
in 1% sodium borohydride (30 min) to enhance immunoreactivity, then
cryoprotected in a solution containing 12.5% sucrose and 1% glycerol for
15 min, then rapidly frozen in liquid nitrogen to increase membrane
permeability before antibody incubations. Tissue sections were then
incubated for 30 min in 0.5% bovine serum albumin (BSA) in 0.1 M

Tris-saline (Tris, pH 7.6) to reduce nonspecific binding, followed by
incubation in a mixture of two primary antibodies raised in different
species (see above) at 4°C for 48 hr. This tissue was incubated in a
secondary biotinylated IgG and placed in ABC solution (Elite kit, Vec-
tor) for 30 min at room temperature. The immunoperoxidase label was
visualized by the DAB peroxidase method (Aicher et al., 1996). Subse-
quently, the tissue was incubated in the secondary gold-conjugated IgG
for 2 hr at room temperature, and the second label was then visualized
using immunogold detection and silver intensification (IntensEM kit,
Amersham) of the secondary antisera (Chan et al., 1990).

Dual labeling for SP and NK1. Generally the procedures outlined above
were used for these dual-labeling experiments as well, except that only
one dilution of each antiserum was used. For this analysis, SP was always
detected using the immunoperoxidase method, and NK1 was always
detected using the immunogold method. Randomly sampled SP-labeled
profiles were photographed from regions of the dorsal horn that con-
tained both labels within at least 20 mm of each other.

Electron microscopy: tissue preparation. For electron microscopy, tissue
was rinsed in PB, placed in 2.0% osmium tetroxide for 1 hr, dehydrated,
and embedded in EMBed between two sheets of Aclar plastic. Ultrathin
sections (70 nm) through laminae I and II (outer) of the dorsal horn of
trigeminal nucleus caudalis (ventrolateral region) (5.3–5.6 mm caudal to
the interaural line) (Paxinos and Watson, 1986) were collected from the
surface of the tissue, placed on copper grids, and counterstained with
uranyl acetate and Reynold’s lead citrate.

Electron microscopy: sampling methods, labeling criteria, and data anal-
ysis. Ultrathin sections collected from 10 vibratome sections (from seven
different animals) were examined by electron microscopy. All sections
chosen for analysis contained both immunogold- and immunoperoxi-
dase-labeled profiles and had excellent preservation of ultrastructural
detail. Regions of the plastic /tissue interface containing both immuno-
gold- and immunoperoxidase-labeled profiles within the same field (20
mm square) were viewed and photographed with a Philip’s 201 electron
microscope. The total area of the micrographs examined for this analysis
was ;17,000 mm 2.

Immunogold–silver labeling for each receptor antigen was character-
ized as either plasmalemmal (on or within 20 nm of the plasma mem-
brane) or cytoplasmic. The former would reflect potential functional
sites accessible to extracellular ligands, whereas the latter may reflect
internalized or newly synthesized receptor protein (Boudin et al., 1998).
Plasmalemmal labeling was further classified as either synaptic (in con-
tact with or within 80 nm of the postsynaptic density) or nonsynaptic
(.80 nm away from the synaptic density). The background levels of
immunogold–silver labeling (i.e., randomly scattered grains not associ-
ated with plasma membranes or cytoplasmic organelles) were minimal.
Thus, for profiles ,0.5 mm, the presence of one or more gold particles
was considered positive labeling if at least one particle was located on the
plasma membrane (Garzón et al., 1999). A stricter criterion of at least
two particles was used for positive identification of larger profiles. In a
recent study, Garzón et al. (1999) compared labeling criteria of one gold
particle on a membranous structure versus at least two gold particles and
showed that the distribution of the labeling in various types of profiles
was similar using both criteria, but more profiles were detected using the
less stringent criterion. In the present study using the criteria indicated
above, similar distributions of profiles were seen using either the immu-
noperoxidase– or immunogold–silver methods for either NK1 or MOR,
except for the profiles ,0.4 mm in cross-sectional diameter (see Results).

Figure 2. MOR immunoreactivity was detected in dendrites, axons, and
axon terminals. A, A MOR-labeled dendrite (MOR-d) contains numerous
immunogold particles (arrowheads) associated with the plasma mem-
brane. A portion of the dendrite is apposed to unlabeled axon terminals
(Ut) (open arrows) and unmyelinated axons (Ua), whereas the remaining
surface is apposed to unlabeled astrocytic glial processes (asterisk). B,
Two MOR immunogold-labeled axon terminals (MOR-t1 and MOR-t2)
contain gold particles (arrowhead) associated with nonsynaptic portions of
the plasma membrane. MOR-t2 is apposed to an unlabeled dendrite (Ud),
but the other portions of the terminal are surrounded by unlabeled glial
processes (asterisk). C, In a field containing many unmyelinated axons, an
immungold-labeled unmyelinated axon (MOR-a) is near but not contact-
ing an immunoperoxidase-labeled axon (NK1-a). Scale bars, 0.5 mm.
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For most analyses, the data are pooled across both labeling methods
(unless indicated otherwise).

Electron microscopy: morphological definitions. Labeled structures were
classified as perikarya, dendrites, axons, axon terminals, or glia on the
basis of morphological information available in the plane of section
viewed (Peters et al., 1991). Axon terminals were defined by the presence
of small clear vesicles, and synapses were defined by parallel membranes
separated by a widened cleft and membrane specializations. Asymmetric
synapses were defined by a prominent density on the postsynaptic side of
the contact, whereas symmetric synapses showed equivalent densities on
either side of the contact (Peters et al., 1991). Appositions between two
profiles were defined by parallel membranes between them that lacked
dense membrane specializations. Profiles were classified as dendrites that
contained diffuse filaments in their cytoplasm and a few mitochondria
and often received synaptic contacts. For quantitative analyses, dendrites
were categorized on the basis of their minimum cross-sectional diameter.
Astrocytic processes were identified by their amorphous shape, lack of
vesicles or synaptic contacts, and occasional presence of glial
microfilaments.

Preparation of figures. Electron micrographic prints were scanned using
a Power Macintosh 8500/150 Computer (Apple Computers, Cupertino,
CA) with an AGFA Arcus II scanner (Agfa-Gevaert, NV, Montsel,
Belgium), Fotolook (Agfa-Gevaert, NV), and Adobe Photoshop (version
5.0; Adobe Systems, Mountain View, CA) software. The micrographs
were adjusted only for saturation levels, sharpness, and contrast. Light
microscopic images were captured using a Spot2 digital camera and
software interfaced to a PC. Composite illustrations were composed
and labeled using QuarkXPress (version 3.32; Quark, Denver, CO) and
Adobe Illustrator (version 6.0; Adobe Systems) software.

RESULTS
SP, NK1, and MOR show overlapping distributions in
trigeminal dorsal horn
The light microscopic distribution of each of the antigens exam-
ined in this study is illustrated in Figure 1. SP was located
primarily in punctate profiles that we show correspond to axon
terminals at the ultrastructural level. NK1 can be seen in cell
bodies in lamina 1 and in deeper laminae but is primarily located
in elongated profiles that correspond to dendrites at the ultra-
structural level. MOR is concentrated in the outer laminae with a
distribution very similar to that of SP. However, MOR labeling is
rather diffuse, and isolated specific structures are difficult to
discern with the light microscope.

MOR is located at both presynaptic and postsynaptic
sites in trigeminal dorsal horn
Most of the MOR-labeled profiles in the trigeminal dorsal horn
were dendrites or unmyelinated axons, with only a few axon
terminals (Figs. 2, 3A, 7; Table 1). MOR-immunoreactive
perikarya were rarely encountered at the ultrastructural level,
either reflecting the small number of somata as compared with
dendrites within the neuropil or because the perikarya of these
cells may be concentrated in slightly deeper laminae of the dorsal
horn. MOR-immunoreactive dendrites were detected in this ma-
terial using either immunogold or immunoperoxidase methods.
When immunogold detection methods were used, MOR labeling

was often detected in dendrites (Fig. 2A) and axon terminals (Fig.
2B) at nonsynaptic sites on the plasma membrane. In axon
terminals, MOR immunoreactivity was sometimes associated
with dense-core vesicles (Fig. 7).

NK1 is located almost exclusively in dendrites in
trigeminal dorsal horn
The cellular distribution of NK1 was much more homogenous
than that of MOR (Fig. 3, Table 1), with most of the labeling in
dendrites of various sizes (Fig. 3), although profiles resembling
unmyelinated axons were occasionally seen (Fig. 2C). NK1 im-
munogold labeling was often associated with the plasma mem-
brane of dendrites and usually located at nonsynaptic sites, even
in dendrites that received asymmetric synaptic inputs (Fig. 3A),
but many NK1-immunoreactive dendrites (12%) did not receive
any synaptic input in the plane of section viewed (Fig. 3B, NK1-
d2). NK1 immunogold particles were often associated with por-
tions of the plasma membrane apposed by axons or axon termi-
nals making symmetric contacts or lacking defined synaptic
densities (Fig. 3A, Ut2), possibly suggesting localization at sites
adjacent to synapses. Labeling adjacent to an asymmetric synapse
was seen in some cases (Fig. 3B, top; see gold particle located at
the neck of the spine emerging off the large dendrite).

MOR and NK1 often colocalize in dendrites
Given the virtually exclusive localization of NK1 in dendrites and
the mixed distribution of MOR, we searched for two potential
types of interactions: (1) the two receptors contained in the same
dendrites or (2) MOR axons contacting NK1 dendrites. The most
frequent interaction that we observed was colocalization of both
receptors in large and small dendrites in the trigeminal dorsal
horn (Fig. 4, Table 1). Many of these dendrites received asym-
metric synaptic contacts from axon terminals containing both
small clear and dense-core vesicles and contained extrasynaptic
labeling for NK1 (Fig. 4). Frequently, large portions of the
dendritic surface were apposed to astrocytic glial processes
(Fig. 4B).

These dually labeled dendrites represented 17% of the total
number of NK1-containing dendrites and 32% of the dendrites
containing MOR. (The percentage of colocalization varied
slightly with each detection method. When the immunogold
method was used for MOR detection, 40% of the MOR dendrites
also contained NK1, but when the immunoperoxidase method
was used for detection of MOR, 27% of the MOR dendrites also
contained NK1. These differences likely reflect the increased
sensitivity of the immunoperoxidase method, which provides a
more diffuse signal and would increase detection of a receptor
such as MOR that has only limited distribution within labeled
profiles.) To determine whether these receptors were more likely
to be detected on smaller (presumably distal) or larger (presum-
ably more proximal) dendrites (Vu and Krasne, 1992), profiles

Table 1. Classification of neuronal profiles containing MOR immunoreactivity, NK1 immunoreactivity, or
both MOR and NK1 in trigeminal dorsal horn

Receptor n Somata Dendrites Axons Axon terminals

MOR 695 0 (0%)a 311 (45%) 348 (50%) 36 (5%)
NK1 804 4 (,1%) 713 (89%) 81 (10%) 6 (,1%)
MOR 1 NK1 149 1 (1%) 145 (97%) 3 (2%) 0 (0%)

Each cell in the table indicates numbers of profiles in that category for each antigen. Percentages indicate the breakdown
across the table within that antigen group.
aMOR somata were occasionally seen by light microscopy but were not observed in these randomly chosen fields.
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were categorized in 0.4 mm increments of minimal cross-sectional
diameter. We found that most of the single-labeled dendrites
containing either MOR or NK1 immunoreactivity were between
0.41 and 0.8 mm in diameter, but dendrites ,0.4 mm were less

likely to be detected using the immunogold detection method
(Fig. 5). Therefore, it was not surprising that most of the dually
labeled dendrites were between 0.4 and 0.8 mm in diameter and
that dually labeled dendrites ,0.4 mm were rarely detected (Fig.
6). Also, it was noted that in dendrites .1.2 mm, dually labeled
profiles were more numerous than profiles containing only MOR,
but that profiles containing only NK1 were always more fre-
quently detected. This finding is consistent with the idea that
NK1 is present on a larger portion of the plasma membrane than
is MOR and that MOR is more selectively targeted to specific
portions of the cell.

MOR-containing axon terminals occasionally contact
NK1-immunoreactive dendrites
Although very infrequent, we did find a few examples of MOR
immunoreactive axons or axon terminals contacting an NK1-
containing dendrites (Fig. 7). MOR immunoreactivity in these
axon terminals was often associated with dense-core vesicles, and
the NK1 receptor was located away from the MOR-containing
afferents. Most of these MOR-labeled axon terminals formed
either appositions or symmetric synapses with NK1-containing
dendrites and may represent GABAergic or other inhibitory
afferents. Of 858 NK1-containing dendrites (with or without
MOR-labeling), most (86%) received unlabeled afferent input
(Figs. 3A, 4), but only 18 dendrites (2%) were contacted by MOR
axons or axon terminals (Fig. 8). The remainder of these den-
drites (12%) were not contacted by any afferents in the observed
plane of section and were surrounded by astrocytic glial
processes.

SP-containing terminals contact
NK1-immunoreactive dendrites
We showed previously that many MOR-immunoreactive den-
drites in the trigeminal dorsal horn are contacted by SP-
containing axon terminals (Aicher et al., 2000). It has been
disputed whether NK1-containing dendrites are associated with
SP-containing terminals (Liu et al., 1993; McLeod et al., 1998) or
whether there is a mismatch between the peptide and its receptor
(Herkenham, 1987). We examined regions of the trigeminal dor-
sal horn that contain both labels to determine their relative
frequency of interaction. We found that 56% of the SP-containing
terminals (n 5 141) contacted a dendrite that contained NK1
(Fig. 8). In contrast, only 34% of the NK1 dendrites that receive
presynaptic input were contacted by SP-containing axon termi-
nals. This confirms that SP-containing terminals often contact
dendrites that contain NK1 (Naim et al., 1997; McLeod et al.,
1998) and MOR (Aicher et al., 2000) but also indicates that NK1
receptors are not selectively trafficked toward parts of the plasma
membrane that receive synaptic input.

DISCUSSION
This study directly demonstrates that MOR-immunoreactive den-
drites in the trigeminal dorsal horn of the rat often also contain
the SP receptor, NK1. In addition, SP-containing terminals often
contact dendrites that contain NK1, although many NK1-
immunoreactive dendrites lack afferent input from SP. These
results provide ultrastructural evidence that postsynaptic re-
sponses to SP, which are mediated primarily through NK1 recep-
tors, may be modulated by MOR activation. Together with pre-
vious results, our findings suggest that MOR and NK1 receptors
are often located in common regions of dendrites postsynaptic to
SP afferent terminals, where they would be optimally positioned

Figure 3. NK-1 immunoreactivity is primarily found in dendrites in
trigeminal dorsal horn. A, An immunogold-labeled NK1 dendrite
(NK1-d) contains several gold particles that are associated with nonsyn-
aptic portions of the plasma membrane. This dendrite receives an asym-
metric synapse ( filled curved arrow) from an unlabeled terminal (Ut1) and
is apposed to another unlabeled terminal (Ut2). A cluster of gold particles
is located along the contact with Ut2, but no synaptic density is apparent
between these membranes. A peroxidase-labeled MOR axon is separated
from the NK1-labeled dendrite by an unlabeled axon interposed between
these profiles. B, An immunogold-labeled NK1 dendrite (NK1-d) contains
numerous gold particles associated with nonsynaptic portions of the
plasma membrane (arrowheads). This dendrite is apposed by numerous
unlabeled terminals (Ut), one of which forms an asymmetric synapse on
the main part of the dendrite ( filled curved arrow, bottom of figure) and
one of which synapses with a small spinous extension of the dendrite (top
of figure). An NK1 gold particle is located at the neck of this dendritic
spine near the synapse ( filled straight arrow). Another NK1-labeled den-
drite (NK1-d2) contains gold particles that are exclusively associated with
the plasma membrane and are all extrasynaptic in this plane of section.
Scale bars, 0.5 mm.
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to modulate responses to SP and glutamate released from pri-
mary afferents in response to noxious stimuli (Fig. 9).

MOR shows a mixed presynaptic and postsynaptic
distribution in trigeminal dorsal horn
Consistent with other studies in the rat, we found MOR located
in both axons and in dendrites in the trigeminal dorsal horn
(Cheng et al., 1996; Zhang et al., 1998; Aicher et al., 2000). Most
of the presynaptic MOR-immunoreactive profiles were unmyeli-
nated axons. A similar distribution within the presynaptic com-
partment has also been observed in the striatum, where longitu-
dinal sections of axons contiguous with axon terminals revealed a
more prominent labeling for MOR in the axon (Wang and Pickel,

1998). In the dorsal horn, these MOR axons may represent axons
of passage that ultimately terminate in other areas. Alternatively,
the presence of many MOR-labeled axons and few MOR-
containing terminals may represent an axonal receptor reserve
that may be mobilized by appropriate stimuli.

The presence of MOR in many dendrites in the dorsal horn
supports the idea that MOR ligands probably act primarily at
postsynaptic sites in this region (Ma et al., 1997; Zhang et al.,
1998; Trafton et al., 1999). In addition, we have found that many
MOR-labeled dendrites (32%) also contain the SP receptor,
NK1. Together with our previous study showing that 53% of
SP-containing terminals in trigeminal dorsal horn contact MOR-

Figure 4. NK1 and MOR are often contained in the same dendrite. A, A dendrite containing both MOR and NK1 (MOR 1 NK1-d) receives an
asymmetric synapse from an unlabeled terminal that contains both small clear vesicles (scv) and dense-core vesicles (dcv). The terminal and the dendrite
are surrounded by unlabeled astrocytic processes (asterisk). Immunogold particles (arrowheads) representing NK1 are located at nonsynaptic plasma
membrane sites. B, A dendrite containing both immunoperoxidase labeling for MOR and immunogold labeling for NK1 receives an asymmetric synapse
( filled curved arrow) from an unlabeled terminal (Ut). NK1 immunogold particles (arrowheads) are located at nonsynaptic plasma membrane sites. The
remainder of the dendritic surface is surrounded by unlabeled astrocytic processes (asterisk) containing glial filaments ( f ). Scale bars, 0.5 mm.

Figure 5. Most dendrites containing NK1 or MOR alone
are medium-sized. Histograms show the number of den-
drites containing only NK1 (lef t panel ) or only MOR (right
panel ) that were identified using either immunogold (Au) or
immunoperoxidase (Per) detection methods. The cross-
sectional diameter of each dendrite was classified in a 0.4
mm bin (x-axis), and the number of dendrites in each size
category for each detection method is represented along the
y-axis. These values are for single-labeled profiles only.
Profiles ,0.4 mm were less frequently detected with the
immunogold method compared with immunoperoxidase for
both receptor types. The majority of labeled dendrites were
0.4–0.8 mm in diameter for both receptors using either
detection method. Total numbers of profiles (n): n 5 390
for NK1-Au, n 5 323 for NK1-Per; n 5 100 for MOR-Au,
n 5 211 for MOR-Per.
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labeled dendrites, these data support a primarily postsynaptic
mechanism for the inhibition of SP-mediated nociceptive signals
by MOR ligands.

NK1 is distributed almost exclusively to somata and
dendrites in the dorsal horn
We found the SP receptor, NK1, to be located almost exclusively
at neuronal postsynaptic sites in the trigeminal dorsal horn. This
localization is similar to previous findings in trigeminal and spinal
dorsal horn (Brown et al., 1995; Li et al., 1997; McLeod et al.,
1998). NK1-containing dendrites were quite diverse in size, with
the greatest proportion between 0.4 and 0.8 mm, similar to what
we found for MOR. This finding suggests that although both NK1

Figure 6. The distribution of NK1-, MOR-, and dual-labeled profiles
varies with diameter. The data are pooled for immunogold and immuno-
peroxidase detection methods. Dually labeled profiles ,0.4 mm were
rarely detected, whereas the largest number of dually labeled profiles were
0.4–0.8 mm in diameter. The number of dually labeled profiles is greater
than the number of MOR single-labeled profiles at diameters .1.2 mm,
whereas single-labeled NK1 profiles were more frequently detected in all
size categories.

Figure 7. MOR-labeled axon terminals sometimes contact NK1-
immunoreactive dendrites. An immunoperoxidase-labeled axon terminal
(MOR-t) forms a symmetric synapse ( filled curved arrow) with an
immunogold-labeled dendrite (NK1-d). The MOR labeling is strongly
associated with dense-core vesicles (dcv). The dendrite is also apposed to
a MOR-labeled axon (MOR-a) at the head of a small spine (open arrow).
Most of the immunogold particles (arrowheads) are associated with non-
synaptic portions of the plasma membrane. Scale bar, 0.5 mm.

Figure 8. SP-containing terminals contact NK1-immunoreactive den-
drites. A, An immunoperoxidase-labeled SP terminal (SP-t) forms an
asymmetric synapse ( filled curved arrow) with an immunogold-labeled
NK1 dendrite (NK1-d). The peroxidase labeling is located throughout the
axon terminal, which contains both small clear vesicles and at least one
dense-core vesicle (dcv). The immunogold particles (arrowheads) are
exclusively associated with nonsynaptic portions of the plasma membrane.
This NK1-labeled dendrite is also apposed to three unlabeled axon
terminals (Ut) containing small clear vesicles. B, An immunogold-labeled
NK1 dendrite (NK1-d1) is contacted (open arrow) by an immunoperoxi-
dase-labeled SP terminal (SP-t). Immunogold particles (arrowheads) in
this dendrite and another dendrite in the field (NK1-d2) are associated
with nonsynaptic portions of the plasma membrane. Scale bars, 0.5 mm.
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and MORs are distributed throughout the dendritic tree, they are
most common in medium-sized dendrites. In addition, we found
that some NK1 dendrites received afferent contacts from SP-
containing terminals but that many NK1 dendrites lacked con-
tacts from axons or axon terminals, suggesting that this receptor
is not selectively targeted to dendritic regions innervated by SP or
any other afferents.

SP-containing terminals in the dorsal horn target
dendrites containing MOR and NK1
We found SP primarily in unmyelinated axons and axon terminals
in the trigeminal dorsal horn (Hökfelt et al., 1975; Pickel et al.,
1977; Barber et al., 1979). It is likely that most of these SP-
containing terminals in the dorsal horn arise from primary affer-
ents (Knyihár-Csillik et al., 1990), although a number of lesion
studies suggest that some of these terminals may arise from
central pathways (Li et al., 1996), including local spinal interneu-
rons (Barber et al., 1979). We found that most SP-containing
terminals in the dorsal horn contacted NK1-containing dendrites;
however, only 34% of NK1 dendrites received contacts from
SP-containing terminals. This finding indicates that there is not a
profound mismatch between the peptide and its receptor (Naim
et al., 1997; McLeod et al., 1998), an issue that has been debated
in a series of recent papers (Liu et al., 1993; Naim et al., 1997;
McLeod et al., 1998). Our findings also show that the NK1
receptor is not targeted to any particular portion of the receptive
cell. NK1 receptors distant from SP release sites may be activated
by diffusion of released peptide (Herkenham, 1987), which would
allow for graded responsiveness of dendrites depending on the
concentration of released SP (Allen et al., 1997) that reaches
different receptor populations. SP and other peptides are con-
tained in dense-core vesicles that do not appear to be released
exclusively at synaptic sites (Pierce et al., 1999), in contrast to
classical transmitters such as glutamate and GABA. Therefore,
we should not expect peptide receptors to undergo specific clus-
tering at synaptic sites, as is seen for these other transmitters
(Craig et al., 1994).

Presynaptic MORs may modulate some input to
NK1-containing cells
We found that only a very small fraction of MOR-containing
axons or axon terminals contacted NK1-containing dendrites, and

in our previous studies only a small percentage of SP-containing
terminals contained MOR (Aicher et al., 2000). This finding
appears to be at odds with observations that SP release is blocked
by MOR ligands (Jessell and Iversen, 1977; Cano et al., 1999),
which along with other data lead to the conclusion that MORs are
located on SP-containing axons. These discrepancies may be
explained by MOR effects on SP release from interneurons in the
slice preparation (Ma et al., 1997) or by indirect actions of MOR
ligands on SP release (e.g., presynaptic inhibition of SP release).
Some of the MOR-containing axon terminals that contacted
NK1-labeled dendrites formed symmetric synapses with these
dendrites and may contain GABA or another inhibitory
neurotransmitter.

Functional implications
Our data provide the first evidence that MOR ligands may di-
rectly affect the same dendrites that contain NK1, the SP recep-
tor. This receptor colocalization provides strong evidence for
direct interactions between MOR and SP receptor ligands on the
same postsynaptic sites in nociceptive neurons. Functionally we
would expect MOR ligands to alter the postsynaptic effects of SP
agonists on second-order neurons. However, we would not nec-
essarily expect MOR agonists to alter binding of SP to the NK1
receptor. A recent study shows that, in fact, MOR ligands do alter
the degree of NK1 internalization evoked by either noxious
stimuli or exogenously applied SP (Trafton et al., 1999).

Dendrites contacted by SP terminals, as well as those contain-
ing NK1, have been implicated in nociceptive processing in the
dorsal horn (Liu et al., 1993; Bereiter et al., 1998; McLeod et al.,
1998), making these processes potential sites for analgesic actions
of opioids. In a previous study of SP-containing axon terminals in
the dorsal horn, we found that NMDA-type glutamate receptors
are frequently located in the postsynaptic targets of SP terminals
as well (Aicher et al., 1997). The combined results of our studies
on this system suggest the following model, illustrated in Figure 9.
Many SP terminals in the dorsal horn contact dendrites contain-
ing three distinct types of receptors: NMDA-type glutamate
receptors, NK1-type tachykinin receptors, and MORs. Activation
of either NMDA or NK1 receptors usually leads to excitation of
the cell (Liu and Sandkühler, 1998), whereas MOR activation
usually reduces excitability (Murase et al., 1998; Connor and
Christie, 1999). Interestingly, the colocalization of NK1 and
MOR in dendrites in the dorsal horn has important implications
for recently proposed treatments for chronic pain. These treat-
ments, which involve lesions of NK1-containing neurons (Mantyh
et al., 1997), would also destroy a large proportion of the neurons
in the dorsal horn containing MOR and could significantly reduce
subsequent responsiveness to spinally administered opioid
analgesics.
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