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This study surveyed the coexistence of serotonin-like im- 
munoreactivity (5-HT-IR) with substance P-like immuno- 
reactivity (SP-IR) in fibers and terminals within various por- 
tions of the spinal cord of the rat. A previously characterized 
technique of imniunofluorescent double labeling was used 
to stain 5-HT-IR red and SP-IR green, and a search was then 
made for single fibers that fluoresced both colors. These 
were found to be most common in the ventral horn, wherein 
99% of 5-HT-IR fibers were also immunoreactive for SP. 
Coexistence of these substances was very rare in the su- 
perficial dorsal horn: fewer than 3% of 5-HT-IR fibers were 
immunoreactive for SP. In the region surrounding the central 
canal and in the intermediolateral cell column (IML), over 
half of all 5-HT-IR fibers and terminals were doubly labeled. 

In the white matter, doubly labeled fibers were most com- 
mon in the ventral funiculus and somewhat less common in 
the lateral funiculus. They were rare in the dorsal columns. 

It is concluded that the coexistence of 5-HT and SP in 
nerve fibers and terminals is associated with somatic and 
sympathetic autonomic motoneurons. The role of the co- 
existence of 5-HT and SP in somatosensation, including pain, 
is unclear. 

In the late 1970s 2 groups described the presence of neuronal 
cell bodies that appeared to contain both serotonin (5-HT) and 
substance P (SP) (Chan-Palay et al., 1978; Hijkfelt et al., 1978). 
These neurons were found to be localized largely within groups 
Bl , B2, and B3 of Dahlstrom and Fuxe (1964). Since these cells 
project spinally (Dahlstrom and Fuxe, 1965; Bowker et al., 198 1; 
Skagerberg and Bjorklund, 1985), it might be expected that fibers 
and terminals in which 5-HT and SP coexist would be found 
in the spinal cord. This hypothesis has been supported by in- 
direct evidence from studies employing neurotoxins or retro- 
grade labeling (Singer et al., 1979; Johansson et al., 198 1; Gilbert 
et al., 1982; Helke et al., 1982; Bowker et al., 1983; Davis et 
al., 1984), as well as by direct immunohistochemical evidence 
(Pelletier et al., 1981; Priestley and Cuello, 1982; Wessendorf 
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and Elde, 1985; Appel et al., 1986). The present study uses a 
previously characterized method of simultaneous immunoflu- 
orescent double labeling (Wessendorf and Elde, 1985) to survey 
the spinal sites at which 5-HT and SP coexist in nerve fibers 
and terminals. 

Materials and Methods 
All tissue was from Sprague-Dawley-derived male rats obtained from 
either Biolab (St. Paul, MN) or Holtzman (Madison, WI). Rats were 
anesthetized with chloral hydrate (350 mg/kg) and perfused with cal- 
cium-free Tyrode’s solution followed by Zamboni fixative (Stephanini 
et al., 1967). Spinal segments were identified, removed, and postfixed 
in the same fixative for l-3% hr, after which they were placed in a 5% 
sucrose solution in 0.1 M phosphate buffer (pH 7.2). Within 5 d after 
perfusion, tissues were cut at a nominal thickness of i0 pm on a cryostat 
microtome. Segments Cl-C8. Tl-T13. Ll-L6. and SlS4 and nortions 
of the coccygeal spinal cord were examined in transverse seciions. In 
some animals, segments C6, C8, T6, T8, L4, L6, Sl, and S3 were cut 
in the horizontal or parasagittal plane. 

Tissue was stained using a variation of the procedures of Erichsen et 
al. (1982) and Grimmelikhuijzen et al. (1982) that has been described 
in detail elsewhere (Wessendorf and Elde, 1985). In brief, sections were 
rehydrated and then incubated in a mixture of rabbit antiserum to SP 
and goat antiserum to 5-HT, diluted l/100 relative to each antiserum. 
After being incubated overnight at 4”C, tissue was washed and a mixture 
of the 2 secondary antisera was applied. This consisted of fluorescein 
isothiocyanate-conjugated swine anti-rabbit IgG added to lissamine rho- 
damine sulfanyl chloride-conjugated swine anti-goat IgG, diluted l/8 
relative to each antiserum. Tissue was incubated with this mixture for 
1 hr at room temperature, after which the tissue was washed and cov- 
erslipped with an antifade mounting medium (Johnson and Nogueira 
Araujo, 198 1; Platt and Michael, 1983). When tissue was stained in this 
manner, SP-like immunoreactivity (SP-IR) appeared green and 5-HT- 
like immunoreactivity (5-HT-IR) appeared red. 

Absorption controls were performed by adding 10 pg 5-HT-BSA 
conjugate or 10 pg synthetic SP to 1 ml diluted antiserum. The ability 
of the antigens to block staining was tested against both the homologous 
antiserum (e.g., SP added to SP antiserum) and the heterologous anti- 
serum (e.g., 5-HT-BSA added to SP antiserum). In both cases, the 
homologous controls were effective and the heterologous absorption 
controls were ineffective in reducing staining. Further characterization 
of this protocol, including the controls for the artifacts unique to im- 
munofluorescent double labeling, has been given previously (Wessen- 
dorf and Elde, 1985). 

Sections were examined with a Zeiss Standard microscope equipped 
for reflected illumination for fluorescence microscopy using a 50 W 
mercury light source. In a previous study, it was noted that use of a 
5 10-560 nm bandpass filter for green excitation caused FITC to emit 
red fluorescence (Wessendorf and Elde, 1985). To avoid this problem, 
a 546 nm bandpass filter (peak width at half-height = 6 nm) was em- 
ployed. A 450-490 nm bandpass filter was used to produce blue exci- 
tation. An’ insertable 560 nm short-pass filter (Zeiss) was included in 
the emitted light path to block red emission during blue excitation. 
Photomicrographs were made using Kodak Technical Pan 24 15. 

The proportion of 5-HT-IR fibers in which SP-IR coexisted was 
determined in several regions of the spinal cord. These included the 



The Journal of Neuroscience, August 1987, 7(8) 2353 

Fimre 1. Nucleus nronrius of C4 dorsal horn. Arrows noint to a 5-HT-IR fiber that is also immunoreactive for SP. Note the large number of 
SP-IR fibers in which 51HT does not appear to coexist. Bar, 25 pm. 

superficial dorsal horn, the ventral horn, and the region surrounding 
the central canal in segments C6 and L4. In addition, the intermedi- 
olateral cell column (IML) ofsegment T7 was also examined. Transverse 
10 pm sections of spinal cord were used when examining the ventral 
horn, the IML, and the region surrounding the central canal. In the case 
of the superficial dorsal horn, parasagittal sections were employed, in 
keenina with the longitudinal orientation of S-HT-IR fibers in that 
regibn?Johannessen et al., 1984). Tissue was examined using a 40 x , 
0.9 N.A. water-immersion objective until a S-HT-IR fiber or terminal 
was found. Fibers and terminals immunoreactive for 5-HT were iden- 
tified by their red fluorescence. If  the same structure appeared to flu- 
oresce green, it was concluded that the structure was also immuno- 
reactive for SP. The number of fibers and terminals in which 5-HT-IR 
and SP-IR appeared to coexist, and the number in which they did not 
appear to coexist, was recorded for each region using hand counters. In 
some instances it was impossible to conclude whether or not SP-IR and 
5-HT-IR coexisted in a narticular 5-HT-IR structure. This was esne- 
cially a problem where overlying SP-IR was strong, such as in the 
superficial dorsal horn. The number of such ambiguous structures was 
also recorded. 

Counting in a particular region was continued until a minimum of 
50 5-HT-IR structures per region per rat was reached, not including 
any ambiguous cases. Once counting in a section was begun, the whole 
ventral horn, IML, region surrounding the central canal, or superficial 
dorsal horn was evaluated; counting was never stopped partway through 
a region. A minimum of one section per rat was counted for each region. 
Counting was performed in a total of 3 rats. Tissue from the 3 rats was 
mounted in the same block to minimize variability in staining. 

The cytoarchitechtonic boundaries of the superficial dorsal horn were 
difficult to discern in longitudinal sections in this tissue. Therefore, for 
the purposes of this study, the superficial dorsal horn was defined as 
that portion of the dorsal horn in which longitudinally oriented SP-IR 
fibers were most prominent. 

Results 

Fibers and terminals in which 5-HT-IR and SP-IR coexisted 
were observed throughout most of the spinal cord. However, in 
general, they were more common in the ventral portions and 
less common in the dorsal portions of the spinal cord. 

Dorsal horn 

Fibers and terminals doubly labeled for SP and 5-HT were rarest 
in the dorsal horn. However, examples were observed in nucleus 
proprius, especially in the more ventral portions (Fig. 1). While 
5-HT-IR fibers were common in the superficial dorsal horn, 
SP-IR was almost never found to coexist within them (Fig. 2). 

Region surrounding the central canal 

Fibers and terminals fluorescing both red and green were fre- 
quently observed in the vicinity of the central canal (Fig. 3, 
arrows). However, many fibers were observed in which SP-IR 
was not accompanied by 5-HT-IR (Fig. 3). While structures 
fluorescing both red and green were found at all levels of the 
spinal central canal, their density was greatest in thoracic and 
lumbar spinal segments. They were less dense at the sacral and 
coccygeal levels and lowest in the cervical spinal cord. 

Intermediate gray lateral to central canal 

Doubly labeled fibers and terminals were infrequent in the 
gray matter lateral to the central canal at the cervical, lumbar, 
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Figure 2. Superficial dorsal horn of L4; 
horizontal section. Open arrows point 
to a 5-HT-IR fiber in which SP does 
not appear to coexist. Despite the rel- 
atively dense innervation of the super- 
ficial dorsal horn with 5-HT-IR fibers, 
coexistence of 5-HT-IR and SP-IR was 
very rare. Bar, 2.5 pm. 

or sacral levels. However, at the thoracic level, such structures 
were quite common. In the IML, doubly labeled varicose fibers 
were frequently found apposed to cell somata (Fig. 4, solid ar- 
row). In addition to in the IML, coexistence was also observed 
along a line between the dorsal edge of the central canal and the 
IML. In this region, many, if not all, 5-HT-IR fibers also ap- 
peared to contain SP-IR. In both of these regions, SP-IR fibers 
in which 5-HT-IR was not apparent were also observed (Fig. 
4, open arrows). 

Ventral horn 

Coexistence of 5-HT-IR and SP-IR was most common in the 
ventral horn, where fibers immunoreactive for 5-HT almost 
always appeared immunoreactive for SP. The density of double 
labeling was variable, being lower in the cervical spinal cord 
than at other levels. At all levels, fibers in which coexistence 

was observed were frequently found in close proximity to large 
neurons, which were presumably motoneurons (Fig. 5). 

Throughout most of the spinal cord, the majority of 5-HT- 
IR fibers in the ventral horn were also immunoreactive for SP. 
However, there was a notable exception at the upper lumbar 
level. In the ventral horn of Ll and L2, a remarkable set of 
fascicles of fibers was observed. Single fascicles containing both 
5-HT-IR and SP-IR fibers were frequently observed; a fascicle 
that contained one substance always contained both (Fig. 6). 
However, there appeared to be little, if any, coexistence of the 
2 substances in these structures (Fig. 7). The fibers of these 
fascicles appeared to terminate on a group of large neurons 
resembling those retrogradely labeled from the cremaster muscle 
by Kojima et al. (1983). The varicosities surrounding these neu- 
rons were likewise devoid ofdouble labeling (Fig. 8). By contrast, 
double labeling was observed in many of the remainder of sero- 
tonergic fibers and terminals in Ll and L2 (Fig. 6, solid arrows). 
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Figu re 3. Area surrounding the central canal at CS. Arrows point to a 5-HT-IR fiber in which SP-IR coexists. Note again the large numbers of 
SP-IR fibers in which 5-HT does not appear to coexist. Bar, 25 pm. 

White matter 
Fibers in which 5-HT-IR and SP-IR appeared to coexist were 
found in many portions of the spinal white matter; a typical 
example is shown in Figure 9. Double labeling was most reg- 
ularly observed in the ventral funiculus, and fibers in this region 
frequently extended into the gray matter. In the lateral funiculus, 
doubly labeled fibers were more common in the ventral por- 
tions, as well as in the portion adjacent to IML in the thoracic 
spinal cord. Coexistence of 5-HT-IR with SP-IR was less com- 
mon in the dorsal portion of the lateral funiculus. Single 5-HT- 
IR fibers were observed on occasion in the medialmost portions 
ofthe dorsal.columns, and these were sometimes doubly labeled. 

Quantification 
The proportions of 5-HT-IR fibers and terminals in which SP- 
IR coexisted are listed in Table 1. The proportion was lowest 
in the superficial dorsal horn (l-3%) and highest in the ventral 
horn (99%). Conversely, fibers in which 5-HT-IR was found 
alone were at their highest proportion in the superficial dorsal 
horn (97-99%) and at the lowest in the ventral horn (lo/o). In 
IML and the region surrounding the central canal, coexistence 
of 5-HT-IR and SP-IR was observed in about 60-80% of all 
5-HT-IR structures. 

In some fibers and terminals, no determination could be made 
as to whether 5-HT-IR and SP-IR coexisted. The proportion 
of such fibers and terminals was highest in the superficial dorsal 
horn, wherein determinations could be made in only 19-22% 

of all 5-HT-IR structures. Such a low rate of determination 
could conceivably prejudice the results. However, this appears 
unlikely, since the structures about which determinations could 
be made included fibers and terminals distributed throughout 
the dorsoventral extent of the superficial dorsal horn. Further- 
more, this sample included small, faintly stained structures, as 
well as large, brightly stained fibers and terminals. Therefore, it 
seems likely that the population in which determinations could 
be made was fairly representative of the population as a whole. 

There were no significant differences between the segments 
C6 and L4 in the degree of coexistence of 5-HT-IR and SP-IR 
(chi-squared test; p > 0.1 for the superficial dorsal horn and for 
the region surrounding central canal, p > 0.25 for the ventral 
horn). 

The density of fibers and terminals in which 5-HT-IR and 
SP-IR coexisted was assessed on a relative scale of 0 to 4. The 
findings are summarized in Figure 10. Density was the function 
of 2 factors: the overall density of serotonergic innervation, and 
the proportion of 5-HT-IR structures in which SP-IR coexisted. 
In the gray matter, the density of doubly labeled fibers was 
greatest in the ventral horn and least in the superficial dorsal 
horn. While the proportion of 5-HT-IR structures in which SP- 
IR coexisted was slightly higher around the central canal than 
in IML, the overall density of 5-HT-IR fibers and terminals 
was much higher in IML than around the central canal. Thus 
the density of structures in which SP-IR coexisted with 5-HT- 
IR was higher in IML than in the region surrounding the central 
canal. 
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Figure 4. Intermediolateral nucleus 
(IML) at T3. Solid arrows point to a 
S-HT-IR fiber apposed to a cell body. 
SP-IR coexists in that fiber. Open ar- 
rows point to one example of the many 
SP-IR fibers in which 5-HT does not 
appear to coexist. Bar, 25 pm. 

Discussion 
The technique of simultaneous 2-color immunofluorescence has 
been used to demonstrate coexisting neurotransmitters in nerve 
fibers or cell bodies of Hydra (Grimmelikhuijzen et al., 1982; 
Grimmelikhuijzen, 1983), turtle (Reiner et al., 1985; Reiner, 
1986), chick (Erichsen et al., 1982), pigeon (Reiner, 1986), guinea 
pig (Furness et al., 1984), cat (Ruda, 1984; Tashiro and Ruda, 
1985; Uddman et al., 1985), dog (Iwanaga et al., 1985), and rat 
(Priestley and Cuello, 1982; Oertel et al., 1983; Wessendorfand 
Elde, 1985; Appel et al., 1986). In characterizing the protocol 
used in the present study, it was found that the resulting double 
labeling did not appear to be due to either spurious affinity of 

any of the antisera or to an emission of the inappropriate color 
by the fluorochromes (Wessendorfand Elde, 1985). Further, it 
is unlikely that what has been reported to be coexistence is 
merely the close apposition of 5-HT-IR fibers to SP-IR fibers, 
since such appositions should have been resolvable by the light 
microscope in many cases (resolution of the 40 x , 0.9 N.A., 
immersion objective = 0.3 pm). Therefore, the constraints that 
exist when interpreting the present results appear to be those 
common to any use of immunohistochemistry: First, negative 
results may be the result of insufficient sensitivity, and second, 
positive results may be the result of an affinity of the primary 
antisera for a substance that is similar but not identical to the 
substance against which the antiserum was raised. The sensi- 
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Figure 
to fiba 
25 pm. 

5. Coexistence of 5-HT-IR and SP-IR in the ventral horn of the spinal cord. Top, C5 ventral horn. Bottom, L5 ventral horn. Arrows point 
-s in apposition to presumed motoneurons. When examined closely, 5-HT-IR fibers can almost always be seen to contain SP-IR. Bar, 
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gure 6. Dorsomedial ventral horn at Ll. Open arrows point to a fascicle containing both 5-HT-IR and SP-IR fibers, but in which there appears 
be no double labeling. Note that the fascicle appears to terminate on a cluster of motoneurons. 5-HT-IR and SP-IR coexist in fibers adjacent 
. but not within. that retion (solid arrows). Comparison of this figure with those of Kojimo et al. (1983) suggests that the fibers may terminate 

on motoneurons innervat&g the cremaster muscle: Bar, 50 pm. 

tivity and specificity inherent in the present protocol appear 
comparable to those of previous studies in which only single 
labeling was attempted (Fuxe, 1965; Cue110 and Kanazawa, 1978; 
Ljungdahl et al., 1978; Barber et al., 1979; Steinbusch, 198 1). 
Therefore, the double labeling reported here seems likely to 
represent instances in which 5-HT and SP coexist. 

The principal finding of this report is that fibers in which 
5-HT-IR and SP-IR coexist were widely distributed throughout 
the spinal gray and white matter. This confirms earlier reports, 
in which serotonin neurotoxins were shown to decrease spinal 
SP (Singer et al., 1979; Johansson et al., 1981; Gilbert et al., 
1982; Helke et al., 1982; Davis et al., 1984), and extends the 
immunohistochemical observations of Pelletier et al. (198 l), 
Priestley and Cue110 (1982), Wessendorf and Elde (1985), and 
Appel et al., (1986) in the rat, of Bowker (1986) in the primate, 
and of Ruda (1984) and Tashiro and Ruda (1985) in the cat. 

Coexistence of 5-HT-IR and SP-IR was most common in 
the ventral horn. Pelletier et al. (198 1) have shown that synapses 
are formed between terminals in which 5-HT-IR and SP-IR 
coexist and ventral horn cells. In the present study, appositions 
suggesting the presence of synapses were frequently observed at 
all levels of the spinal cord. Thus, it appears possible that syn- 
aptic contacts between motoneurons and terminals in which 
5-HT and SP coexist are a common feature in the spinal cord 

of the rat. The findings of Bowker (1986) suggest that this is 
also the case in the primate. 

In a recent study of 5-HT distribution in the spinal cord, 
distinctive fascicles of 5-HT-IR fibers that appeared to termi- 
nate on a group of motoneurons in the ventral horn of Ll and 
L2 were described (Kojima and Sano, 1984). Subsequent studies 
described SP-IR fibers forming similar bundles in the same area 
(Gibson et al., 1984; Nagy and Senba, 1985; Uda et al., 1985). 
Whereas the morphology of the 2 systems was similar enough 
to suggest coexistence, the SP-IR fibers appeared to originate 
from within the spinal cord (Gibson et al., 1984; Nagy and 
Senba, 1985; Uda et al., 1985) and, to date, 5-HT-IR has not 
been shown to coexist within spinal SP-IR somata. The present 
study has directly examined the question of whether coexistence 
of 5-HT and SP occurs within these fascicles. It was found that 
5-HT-IR and SP-IR fibers occurred within the same fascicles 
(see Figs. 7, 8) and that one fiber was never found without the 
other. However, coexistence of the 2 substances was never ob- 
served. This lack of coexistence implies that a different set of 
serotonergic neurons innervate this region than those that in- 
nervate the majority of the spinal ventral horn. It has been 
suggested that the motoneurons upon which these fibers ter- 
minate in turn innervate the cremaster muscle (Kojima et al., 
1983) which is responsible for retraction of the testicles. Thus 
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Figure 7. Dorsomedial ventral horn at L2, with a high-magnification view of a fascicle similar to that shown in Figure 6. Coexistence of 5-HT- 
IR and SP-IR was never found to occur in these fascicles. Crossed arrows show SP-IR varicosities in which 5-HT-IR does not coexist; uncrossed 
urrows show 5-HT-IR varicosities in which SP-IR does not coexist. Curved arrows point to a fiber adjacent to the fascicle but outside its plane 
and running perpendicular to its direction. In that fiber, 5-HT-IR and SP-IR coexist. Bar, 25 pm. 

the function of these serotonergic fibers may be related to re- 
production. 

On the basis of lesions with serotonin neurotoxins and the 
assay of micropunches of spinal cord regions, Helke et al. (1982) 
suggested that 5-HT and SP do not coexist in IML. In contrast, 
Johansson et al. (198 1) and Gilbert et al. (1982) found that SP 
was depleted in IML by treatment with neurotoxins selective 
for serotonergic neurons. The present findings indicate that 
5-HT and SP frequently coexist in IML. The inability of Helke 
et al. (1982) to show decreases in SP-IR within IML may have 
resulted from the concealment of any such drop in SP by the 
large number of SP-IR fibers in IML, in which 5-HT-IR does 
not coexist (see Fig. 5 and Davis et al., 1984). 

Coexistence of SP-IR with 5-HT-IR was observed in many, 
but not all, of the 5-HT-IR fibers surrounding the central canal. 
This region contains sympathetic motoneurons (Schramm et 
al., 1975; Rando et al., 1981). Thus, the coexistence of 5-HT- 
IR and SP-IR in this region may be associated with control of 
sympathetic motoneurons, as appears to be the case in the IML. 
However, there are also sensory neurons in this region (Nahin 
et al., 1983) and therefore it is possible that these fibers and 
terminals modulate somatosensation. 

It has been speculated that the serotonergic fibers in the su- 
perficial dorsal horn may inhibit nociceptive systems and there- 
by decrease the sensation of pain (Basbaum et al., 1976). In 

Table 1. Coexistence of SP-IR with 5-HT-IR in various populations 
of 5-HT-IR fibers and terminals 

No. deter- 
5-HT + SP 5-HT-IR only mined/no. 
(O/o) co4 observed 

Superficial dorsal horn 
C6 3 (2-5) 97 (95-98) 176/796 

L4 1 W-2) 99 (98-100) 178/918 

Region surrounding central canal 
C6 73 (72-74) 27 (26-28) 245/307 

L4 78 (75-83) 22 (17-25) 214/300 

Intermediolateral cell column 
T7 67 (59-80) 33 (20-4 1) 160/225 

Ventral horn 
C6 99 (98->99) 1 (<l-2) 579/588 

L4 >99 (99->99) < 1 (<l-l) 2107/2131 

Values represent averages calculated from 3 animals. Ranges are given in parentheses. 
The presence or absence of SP-IR was determined in a minimum of 50 5-HT- 
IR fibers or terminals in each region of each rat. The number of .5-HT-IR fibers 
and terminals in which such determinations could be made is referred to as the 
No. determined. This is the number from which the percentages were derived. In 
some cases, no conclusion could be made regarding whether SP-IR coexisted with 
5-HT-IR in a particular structure. The number of such cases was added to the 
number determined to obtain the total number of 5-HT-IR fibers and terminals 
observed in these experiments (No. observed). No significant differences were 
observed between spinal segments C6 and L4 in the degree of coexistence of 
5-HT-IR and SP-IR (see text). 
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Figure 8. Dorsomedial ventral horn 
at Ll, showing a high-magnification 
view of the termination of a fascicle 
such as is shown in Figures 6 and 7. In 
these reaions. 5-HT-IR and SP-IR were 
almost never found to coexist. Open ar- 
rows point to 5-HT-IR fiber apposed 
to motoneuron. SP-IR does not appear 
to coexist in this fiber. Bar, 25 pm. 

contrast to the remainder of the spinal cord, the superficial 
dorsal horn appeared to be innervated preferentially by sero- 
tonergic fibers and terminals that did not contain SP. Thus 
serotonergic fibers that do not contain SP may have the larger 
role in control of pain. However, it is possible that the coexis- 
tence of 5-HT and SP has some role in somatosensation, since 
double labeling was sometimes observed in the remainder of 
the dorsal horn and was common in the region around the 
central canal (see above). If this were so, it would suggest the 
existence of 2 discrete systems of serotonergic neurons involved 
in somatosensation. 

The origins of the serotonergic fibers innervating various por- 
tions of the spinal cord have recently been described in a report 
by Skagerberg and Bjorklund (1985). Similarly, the coexistence 
of 5-HT-IR and SP-IR in pontomedullary cell bodies has been 
mapped by Johansson et al. (198 1). A comparison of these 2 

studies with the present report suggests that a large part of the 
serotonergic projection to the ventral horn originates from cells 
in Bl and B2 in which SP coexists, and that much of the sero- 
tonergic projection to the superficial dorsal horn originates from 
those cells in B3 in which SP does not coexist. 

At the present time, it is unclear why 5-HT and SP coexist, 
but there exist a number of possibilities. At the level of neuronal 
systems, the coexistence of 5-HT with SP appears to be asso- 
ciated with systems of somatic and sympathetic motoneurons. 
Nearly all 5-HT-IR fibers and terminals in the ventral horn 
contained SP-IR, and well over half of the 5-HT-IR fibers and 
terminals examined in the IML also contained SP-IR. In ad- 
dition, 5-HT-IR and SP-IR coexist in motor areas of the brain 
stem, including the cranial nerve motor nuclei (Greene et al., 
1986). Thus, while cells in which 5-HT and SP coexist may 
innervate systems other than motoneurons, motor systems ap- 
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Figure 9. Coexistence of 5-HT-IR and SP-IR in spinal white matter. 
T6 ventral funiculus, horizontal section. Bar, 25 pm. 

pear to be the single most prominent site of their termination. 
This suggests that cells in which 5-HT and SP coexist constitute 
a system of neurons that are largely involved in somatic and 
autonomic motor control. 

At the cellular level, SP has been found to enhance the release 
of 5-HT from ventral horn synaptosomes (Mitchell and Fleet- 
wood-Walker, 198 1). This suggests that SP presynaptically fa- 
cilitates the release of 5-HT from those terminals in which the 
2 coexist. Furthermore, in the IML and ventral horn-2 areas 
in which coexistence of 5-HT and SP appears to be common- 
both 5-HT and SP have been reported to have excitatory effects 
on cell bodies.(White, 1985; also compare De Groat and Ryall, 
1967; Coote et al., 198 1; and McCall, 1983, to Gilbey et al., 
1983, and Backman and Henry, 1984). Thus the presence of SP 
in a serotonergic neuron has the potential to increase the effect 
of that neuron in at least 2 ways: first, by increasing the release 
of 5-HT, and second, by providing a second neurotransmitter 
with an effect similar to that of 5-HT. 

At the level of receptors, it has been reported that SP reduces 
the affinity of the binding of 3H-5-HT to membranes isolated 
from the spinal ventral horn, while increasing the number of 
binding sites (Agnati et al., 1983). Whether this would increase, 
or decrease, the effect of 5-HT is unclear. However, it appears 
that the presence of SP in a serotonergic terminal could mod- 
ulate the effect of 5-HT at its receptor. 

The physiological effect of the interaction of 5-HT with its 
receptor has been studied in at least 2 regions in which the 

Th 

Figure 10. Schematic representation of the relative density of fibers 
and terminals in which 5-HT-IR coexists with SP-IR. The left side of 
each figure shows the density in the white matter, while the right side 
of each figure shows the density in the gray matter. Top, Cervical, 
lumbar, and sacral spinal cord (C-L-s). Bottom, Thoracic spinal cord 
(Th). The rating scheme is an arbitrary scale in which +1 represents 
the density of a field with occasional single fibers, and +4 represents 
the density of coexistence found in the ventral horn. 

coexistence of 5-HT and SP appears to be common. In both the 
ventral horn and the IML, the most common effect of 5-HT on 
cells has been reported to be excitation (see above). Thus, the 
coexistence of 5-HT and SP may be associated with the presence 
of an excitatory serotonergic receptor. It would be of interest to 
test this hypothesis by examining the effect of 5-HT on cells in 
the region surrounding the central canal. 
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