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The parabrachial nucleus (PB) is the major relay for ascending 
visceral afferent information from the nucleus of the solitary 
tract to the forebrain. We have recently found that PB in the 
rat also receives a substantial afferent projection from neurons 
in the marginal zone of the entire length of the spinal and tri- 
geminal dorsal horn. Immunoreactive perikarya stained with 
antisera against several neuropeptides -including dynorphin, 
efikephalins, and substance P-have been identified in the 
marginal zone. We therefore investigated the chemical specific- 
ity of the spinoparabrachial projection by combining fluorescent 
retrograde tracing with immunofluorescence for substance P, 
dynorphin Al -17, met-enkephalin, and two enkephalin precur- 
sor fragments (proenkephalin 192-203 and peptide E). 

Following PB injections of fluorescent dyes, about half of the 
retrogradely labeled neurons in the marginal zone stained with 
antisera against either dynorphin or enkephalin series peptides. 
Elution-restaining experiments indicated that the dynorphin- 
and enkephalin-immunoreactivities were contained within sep- 
arate populations of marginal zone neurons. We could not iden- 
tify any substance P-immunoreactive perikarya in the marginal 
zone, but substance P-immunoreactive fibers were seen in close 
apposition to retrogradely labeled, opioid-immunoreactive cell 
bodies and dendrites. 

These results indicate that the dynorphin- and enkephalin- 
immunoreactive perikarya in the marginal zone of the dorsal 
horn represent independent neuronal populations. These opioid- 
immunoreactive neurons, which are believed to have extensive 
local collateral connections, are the main source of a long as- 
cending projection to the parabrachial nucleus in the rat. Fur- 
thermore, opioid neurons in the marginal zone may receive sub- 
stance P-immunoreactive primary sensory afferents. 

The parabrachial nucleus (PB) is an important relay for visceral 
afferent information traveling from the nucleus of the solitary 
tract to the forebrain. Early studies of ascending spinal cord 
pathways using anterograde degeneration after spinal lesions 
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demonstrated projections from the spinal cord to PB in several 
species (Mehler, 1962; Mehler et al. 1960; Zemlan et al., 1978). 
The spinoparabrachial projection has recently been examined 
in detail in the rat and the cat using the anterograde and retro- 
grade transport of wheat germ agglutinin conjugated to horse- 
radish peroxidase (WGA-HRP) (Cechetto et al., 1985; Panneton 
and Burton, 1985). Injections of WGA-HRP into PB retro- 
gradely label large, flattened cells that lie parallel to the pial 
surface within the marginal zone of the dorsal horn, throughout 
the entire rostrocaudal extent of the spinal cord and spinal tri- 
geminal nucleus pars caudalis. At the level of the obex, an ad- 
ditional group of retrogradely labeled neurons is seen among 
the fibers of the dorsal part of the spinal trigeminal tract in the 
promontoriuml of the spinal trigeminal nucleus. Following in- 
jection of WGA-HRP into the marginal zone of the spinal cord, 
anterogradely labeled fibers can be seen innervating predomi- 
nantly the lateral division of PB, including the central, dorsal, 
and external lateral subnuclei and the Kolliker-Fuse nucleus. 
Injections of WGA-HRP into the promontorium and adjacent 
spinal trigeminal nucleus label fibers innervating these same 
subnuclei of lateral PB, as well as the medial subdivision of PB 
(Cechetto et al., 1985; Fulwiler and Saper, 1984; Panneton and 
Burton, 1985). 

Neurons in the outer lamina of the dorsal horn have been 
observed to stain immunohistochemically for a number of neu- 
ropeptides, including enkephalins (Aronin et al., 198 1; Glazer 
and Basbaum, 198 I), dynorphin (Khachaturian et al., 1982), 
and substance P (Del Fiacco and Cuello, 1980; DiFiglia et al., 
1982; Ljungdahl et al., 1978). Immunohistochemical staining 
for all three of these peptides has been observed in fibers forming 
dense terminal fields in PB (Kawai et al., 1982; Khachaturian 
et al., 1982; Uger et al., 1983; Milner et al., 1984). Each of 
these peptides is therefore a candidate for the transmitter of the 
spinoparabrachial pathway. 

In the present study, we have used a fluorescent retrograde 
neuronal tracer in combination with immunohistochemistry to 
investigate the peptides present in spinal and trigeminal neurons 
projecting to PB. Our results demonstrate that most of the neu- 
rons in the spinal and trigeminal dorsal horns that project to 
PB contain either dynorphin- or enkephalin-like immunoreac- 
tive (-lir) material. 

I Although the term “paratrigeminal nucleus” has also been used for this cell 
group (Chan-Palay, 1978; Panneton and Burton, 1985), Rhoton et al. (1966) earlier 
used this term to describe a group of cells lateral to the spinal trigeminal tract at 
the pontomedullary junction in the monkey. Because of this ambiguity, we prefer 
Astrom’s (1953) term, “promontorium.” 
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Materials and Methods 

Retrograde transport-immunohistochemistry experiments 
Stereotaxic injections of 50 nl of a 5% solution of Fast Blue dye (Illing) 
were made into the PB region of six Sprague-Dawley rats. Injections 
were made using a glass micropipette syringe (Saper, 1983) under chloral 
hydrate anesthesia. After 7-14 d survival, the rats were treated with 
150 pg colchicine (Sigma) in 10 ~1 saline injected stereotaxically into 
the lateral ventricle. Between 24 and 48 hr later, the rats were reanesthe- 
tized with chloral hydrate and perfused through the heart with saline 
followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 
The brains and spinal cords were removed, and the spinal cords were 
cut into blocks of three segments each. The brain stems were cut into 
50 pm sections using a freezing microtome. Twelve 50 pm sections were 
cut from the rostra1 end of each spinal cord block. The pontine sections 
were mounted on slides and used to verify the injection site. The med- 
ullary and spinal cord sections were processed for immunohistochem- 
istry. 

Sections were incubated for 1 hr in 0.1 M phosphate buffer, pH 7.3- 
0.9% NaCl (PBS), containing 0.25% Triton X-160, followed by 1 hr in 
PBS containing 3% goat serum (PBS-G). The sections were then divided 
into four groups of every fourth section. Each group of sections was 
incubated overnight at 4°C in PBS-G containing both substance P an- 
tibody diluted 1:2000 or 1:4000, and one of the following sera: anti- 
dynorphin A l-l 7 ( 1: 1 000), anti-peptide E ( 1:300), anti-proenkephalin 
192-203 (1:300), or anti-met-enkephalin (1:200). The next day, the 
sections were incubated for 1 hr in fluoroscein isothiocvanate (FITC)- 
labeled goat anti-rabbit serum (Miles; 1:50 in goat serum-PBS), washed 
several times in PBS-G, and incubated for an additional hour in rho- 
damine isothiocyanate (RITC)-labeled rabbit anti-mouse serum (Miles; 
I:50 in PBS-G). The sections were then mounted on gelatin-coated slides 
and coverslipped with glycerin. 

Antibody elution experiments 
The elution-restaining technique of Tramu et al. (1978) was used to 
stain the same sections sequentially for two different opioid peptides. 
In all, six animals were used for these experiments. All were treated 
with 150 pg of colchicine and perfused as described above. Sections 
from the medulla and spinal cord were incubated overnight in PBS-G 
containing substance P antibody (1:4000) and either met-enkephalin or 
dynorphin A 1 - 17 antisera as described above. The next day, these sec- 
tions were incubated in PBS-G containing FITC-labeled goat anti-rabbit 
(Miles. 1:50) and RITC-labeled aoat anti-rat (Cannel. 1:50) antisera for 
1 hr. The sections were then coverslipped with a-solution of PBS and 
glycerin (1:3). 

After observing and photographing immunohistochemically stained 
neurons in the promontorium and dorsal horn, the coverslips were 
removed and the sections washed in PBS. Antibodies were eluted using 
a solution of 0.1% KMnO, and 0.20% HSO, in distilled water for 5- 
10 min. After decolorizing in 0.5% NaH;Sd, for 1 min, the sections 
were incubated in FITC-labeled goat anti-rabbit serum for 30 min, 
coverslipped with PBS-glycerin, and observed to ascertain that all stain- 
ing had been eliminated. The coverslips were removed, and the sections 
were then washed in PBS and incubated overnight in a second opioid 
primary antiserum (i.e., sections that had been stained with anti-met- 
enkephalin were incubated in anti-dynorphin, while sections stained 
with anti-dynorphin were incubated with anti-met-enkephalin). The 
next day, the sections were incubated for 1 hr in FITC-labeled goat anti- 
rabbit serum. The sections were coverslipped with PBS-glycerine, and 
the new pattern of staining in the promontorium was compared with 
the photographs of the staining produced by the first antiserum. 

Antisera 
The methionine-enkephalin antiserum was obtained from Dr. R. Elde 
(#R153e); the production and specificity of this serum have been de- 
scribed (Haber and Elde, 1982). The rat monoclonal substance P an- 
tibodv was obtained from Sera-lab (MAS 035). The prenaration and 
specihcity of this antibody have been described’by Cuellokt al. (1979). 

Antisera to dynorphin Al-17 (#54-B16), proenkephalin 192-203 (#52- 
B15), and peptide E (#63-B16) were prepared (by S.J.W.) using antigens 
made by conjugating peptide E, dynorphin Al-17, or bovine proen- 
kephalin 192-203 (prepared by R.A.H.) to thyroglobulin using glutar- 
aldehyde. 

Specificity of the opioid antisera in our preparations was tested by 

preincubating the diluted serum with synthetic dynorphin A l-l 7 (Bach- 
em), leu-enkephalin (Sigma), met-enkephalin (Sigma), or the proen- 
kephalin 192-203 fragment at a concentration of 50 pg peptide/ml of 
diluted serum. 

The specificity of the substance P antibody was tested by adsorption 
with 50 rg of synthetic substance P (Sigma) per milliliter of diluted 
antibody. 

Results 

Retrograde transport-immunohistochemistry experiments 
In all six rats, large deposits of Fast Blue dye were seen in the 
PB region. The injection sites included both the medial and 
lateral PB subnuclei, as well as the Kolliker-Fuse nucleus, the 
locus ceruleus, and the mesencephalic and principal sensory 
trigeminal nuclei. Retrogradely labeled cell bodies were ob- 
served in the promontorium, as well as throughout lamina I of 
the spinal and trigeminal dorsal horns, bilaterally. As described 
in our previous study, this pattern of retrograde labeling is pro- 
duced only by injections involving PB, and not by injections 
into adjacent structures (Cechetto et al., 1985). 

Cells containing dynorphin-, met-enkephalin-, peptide E-, and 
proenkephalin-lir were found in the trigeminal promontorium 
and throughout the marginal zone of the spinal and trigeminal 
dorsal horn. All four of the antisera stained populations of neu- 
rons that were similar in appearance and distribution to the cells 
of origin of the spinoparabrachial projection. Many of the opioid 
cells were also labeled with the retrograde tracer. Because of the 
light immunohistochemical staining of some of the cell bodies, 
and heavy staining of many fibers in the same region, it was not 
possible to determine exactly what proportion of the cells con- 
taining the retrograde tracer were immunohistochemically la- 
beled. However, in some cases as many as half of the cells in 
the marginal zone and promontorium that contained Fast Blue 
also stained with either dynorphin, met-enkephalin, proenkeph- 
alin, or peptide E antisera (Figs. 1, 2). 

In the spinal cord, control incubations using met-enkephalin 
and dynorphin antisera preadsorbed with synthetic dynorphin 
or met-enkephalin showed that each peptide blocked the ap- 
propriate antiserum and did not affect the other. Neither anti- 
serum was affected by synthetic leu-enkephalin. The proenkeph- 
alin staining was not affected by dynorphin, met-enkephalin, or 
leu-enkephalin, but was completely blocked by proenkephalin 
192-203. The peptide E staining was blocked by dynorphin and 
met- and leu-enkephalin. 

Substance P-lir fibers were found to innervate the promon- 
torium and the outer lamina of the spinal trigeminal nucleus 
and spinal dorsal horn, as has been reported by other investi- 
gators (Barber et al., 1979; Del Fiacco and Cuello, 1980). No 
unequivocal substance P-lir cell bodies were observed within 
the dorsal horn, although the intense fiber staining that persisted 
despite colchicine treatment might have made cell bodies dif- 
ficult to distinguish. A notable feature of the substance P-stain- 
ing was the relationship between the substance P-lir fibers and 
opioid-lir cells. Substance P-lir fibers were observed surround- 
ing and outlining individual cell bodies stained with dynorphin, 
met-enkephalin, proenkephalin, or peptide E antisera; many of 
these also contained the retrograde tracer (Fig. 1, C and D). This 
relationship was most conspicuous in the promontorium, while 
in the spinal cord the substance P-lir fiber staining was so intense 
that it was only rarely possible to discern a relationship between 
individual fibers and cells. 

All substance P immunohistochemical staining was abolished 
by pre-incubating the antibody with synthetic substance P. The 
patterns of staining demonstrated using RITC-labeled anti-rat 
IgG produced in rabbit (retrograde transport experiments) or in 
goat (elution experiments) were identical. Using either method, 
substance P-lir fibers were found in close association with opioid- 
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Figure 1. Fluorescence photomicrographs of neurons in the dorsal horn of the spinal cord. A, Low-power view of retrograde label in dorsal horn 
at C8 level. Arrow indicates cell shown at higher magnification in RD. S, Fast Blue retrograde label; C, dynorphin-like immunoreactivity(-lir); D, 
substance P-lir. E, Retrograde label in the dorsal horn at T5 level. F-H, Same cell at higher magnification; F, Fast Blue; G, peptide E-liq H, 
substance P-hr. Note the punctate appearance of substance P-lir staining around these two cells. Scale bar: A and E, 100 pm; B-D and F-H, 
10 flrn. 
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Figure 2. Fluorescence photomicrographs of neurons in two sections through the promontorium of the spinal trigeminal tract. A and E, LOW- 
power view of Fast Blue retrograde labeling shown at higher power in B and F, respectively; C, proenkephalin-lir; G, met-enkephalin-lir; D and 
H, substance P-hr. Note that the retrogradely labeled dendrite (arrow) in B stained immunohistochemically for proenkephalin 192-203 (C). This 
process was also invested with substance P-lir terminals (0). By focusing through the section, it was apparent that this cell body was continuous 
with the proenkephalin-lir retrogradely labeled cell body (arrowhead) in C. Note that a few substance P-lir terminals were also visualized adjacent 
to the met-enkephalin-lir, retrogradely labeled neuron shown in F and G. Scale, as in Figure 1. 
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Figure 3. Photomicrographs of a section through the promontorium stained sequentially for enkephalin- and dynorphin-hr. A, Low-power view 
of section stained for met-enkephalin-lir. B, Same section at higher magnification. Solid arrows identify three enkephalin-lir neurons. C, Same 
section, after elution of antibodies, stained for dynorphin-lir. D, Higher magnification showing that the three enkephalin-lir neurons (solid arrows) 
are not stained by dynorphin antiserum. Open arrow identifies a dynorphin-lir neuron that is not stained for enkephalin-lir. Scale bar: A and C, 
125 pm; B and D, 50 pm. 

staining neurons. Neither method revealed any single structure 
stained simultaneously for substance P and one of the opioids. 
These observations demonstrate that both of these methods are 
capable of simultaneous independent localization of two differ- 
ent peptides. 

E&ion experiments 
As both the dynorphin and enkephalin family antisera stained 
similar-appearing populations of lamina I dorsal horn neurons, 
we attempted to determine whether the antisera were staining 
the same cells. Using the elution technique ofTramu et al. (1978) 
as described, we were able to stain sections sequentially for 
enkephalin and dynorphin. We found a large number of pro- 
montorium and dorsal horn cells that stained for each of these 
two peptides, but no examples were seen of cells that stained 
for both antisera (Fig. 3). 

Discussion 
In a previous report we described a pathway that arises from 
neurons in the marginal zone of the spinal and trigeminal dorsal 
horns and terminates in PB. The present experiments demon- 
strate that the cells of origin of this pathway can be stained 
immunohistochemically using antisera to peptides in the dy- 
norphin and enkephalin families. Furthermore, we have pre- 
sented evidence suggesting that enkephalin- and dynorphin-lir 
are present within separate populations of neurons. 

The retrograde tracer used in this study, Fast Blue, has two 
inherent disadvantages: the injection sites are quite large, and 

the dye may be picked up by fibers of passage. As a result, in 
studies using this tracer alone, it is not possible to determine 
precisely where the axons of retrogradely labeled neurons ter- 
minate. Fortunately, in our earlier study on the spinoparabra- 
chial projection, we established that none of the structures ad- 
jacent to PB that might have been included in the Fast Blue 
injection sites receive projections from the marginal zone of the 
dorsal horn. The one spinal pathway that passes through this 
region, the ventral spinocerebellar tract, does not arise from 
neurons in the marginal zone of the dorsal horn in the rat (Ma- 
tsushita and Hosoya, 1979; Snyder et al., 1978). Furthermore, 
the retrogradely labeled neurons observed in this study were 
essentially identical both in number and distribution to the 
spinoparabrachial neurons described in our earlier study using 
WGA-HRP, a tracer that is not picked up by fibers of passage 
(Brodal et al., 1983; Shook et al., 1984). We therefore conclude 
that the retrogradely labeled neurons in the promontorium and 
in lamina I of the spinal and trigeminal dorsal horn in these 
experiments actually innervate PB. 

The antisera we used in this study appear to stain separate 
populations of enkephalin and dynorphin neurons in the para- 
ventricular nucleus of the hypothalamus (Watson et al., 1982). 
The results of our elution experiments suggest that the same is 
true of neurons in the promontorium and dorsal horn. This 
finding is in agreement with the recent report of Guthrie and 
Basbaum (1984; and personal communication). In individual 
retrograde tracing experiments, we found that as many as half 
of the retrogradely labeled promontorium and dorsal horn neu- 
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rons stained for each of the opioid peptides. If these peptides 
are, in fact, contained in separate populations of neurons, then 
most, if not all, of the spinoparabrachial neurons must contain 
opioid peptides. 

We have observed that many of the opioid-lir neurons of the 
dorsal horn that project to PB are surrounded by dense networks 
of substance P-lir fibers. While it is not possible to determine 
by light microscopy whether synaptic contacts are made, the 
pattern of varicosities observed surrounding the opioid neurons 
is highly suggestive of interaction between these fibers and the 
opioid cells. Previous investigators have commented on the 
close association of substance P-lir fibers and enkephalin-lir 
neurons in the spinal dorsal horn. However, it has proved quite 
difficult to demonstrate synaptic contact between these ele- 
ments, leading to the hypothesis of “nonsynaptic” interactions 
(Cuello, 1983). 

The antibody used to stain these fibers was raised against 
substance P, but it is important to note that substance P is only 
one of a family of neuropeptides, the tachykinins, that also 
includes substance K and neuromedin K. These peptides all 
share a common C-terminal sequence, and all three are thought 
to be present in mammalian CNS (Harmar, 1984). The mono- 
clonal substance P antibody used in this investigation probably 
cross-reacts with all of these peptides (J. Maggie, personal com- 
munication). Therefore, although we refer to the staining as 
substance P-lir, the actual peptide contained in these fibers re- 
mains unknown. 

Most of the enkephalin-lir neurons in the dorsal horn are 
thought to be interneurons, and there is considerable evidence 
that opioid peptides can regulate the release of substance P from 
primary sensory afferents (see Jesse& 1983, for review). This 
interaction has been interpreted as a mechanism for modulating 
the transmission of nociceptive information. Our results indi- 
cate that many of the neurons in the dorsal horn that stain for 
opioid peptides have long ascending projections to PB. Whether 
enkephalin-lir terminals in the dorsal horn are collaterals of 
spinoparabrachial axons or arise from a second population of 
enkephalin-lir interneurons remains to be determined. How- 
ever, many of the large, flattened lamina I neurons that receive 
nociceptive afferents have both local recurrent and long as- 
cending axon collaterals (Bennett et al., 1980; Brown, 1982; 
Light et al., 1979; Woolf and Fitzgerald, 1983). Opioid neurons 
in the dorsal horn may therefore be involved both in local 
transmission of nociceptive information, as well as in regulating 
autonomic responses to painful stimuli by means of their input 
to PB. 

An alternate hypothesis is suggested by the observation that 
neonatal capsaicin treatment eliminates substance P-lir fibers 
in the dorsal horn and promontorium. This has been taken to 
imply that the substance P-lir innervation of the dorsal horn is 
involved in chemosensory transmission (Jansco and Kiraly, 
1980). There is evidence that chemosensory afferents from mus- 
cle that terminate in the outer lamina of the dorsal horn mediate 
vasopressor responses to exercise through a spinobulbospinal 
pathway (Mitchell et al., 1983). The role of the spinoparabra- 
chial projection in autonomic regulation is not known, but the 
pathway innervates regions of PB that have been implicated in 
cardiovascular control (Cechetto et al., 1985; Fulwiler and Sap- 
er, 1984; Hamilton et al., 198 1; Mraovitch et al., 1982). These 
observations suggest that the opioid spinal projection to PB 
should be a fruitful area for further study of spinal-cardiovas- 
cular reflexes. 
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