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Abstract  Stimulation of the caudal raphe nuclei alters 
visceral functions. The caudal raphe nuclei project to the 
nucleus of the solitary tract, which receives the central 
terminations of vagal afferents and plays an important 
role in the central integration of autonomic activities. 
The caudal raphe nuclei also project to the somatic and 
preganglionic autonomic motoneurons of the spinal cord. 
Diamidino yellow was injected into the nucleus of the 
solitary tract, and fast blue was injected into either the 
cervical, thoracic, or lumbar spinal cord. Large numbers 
of double-labeled neurons were present within the caudal 
raphe nuclei and the adjacent reticular formation of the 
medial tegmental field. This observation documents that 
individual raphespinal and reticulospinal neurons project 
an axon collateral to the nucleus of the solitary tract. 
These data demonstrate the anatomic substrate for global 
modulation of the autonomic motoneuron pool by the 
caudal raphe nuclei. 

Key words  Autonomic - Axon collaterals �9 Medial 
tegmental field. Motoneurons �9 Respiratory �9 Rat 

Introduction 

The nucleus of the solitary tract (NST) plays an impor- 
tant role in the integration of autonomic nervous system 
function (Spyer 1982; Sawchenko 1983). The caudal 
NST receives the primary terminations of vagal visceral 
afferents (Contreras et al. 1982; Kalia and Sullivan 1982; 
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Leslie et al. 1982; Shapiro and Miselis 1985; Altschuler 
et al. 1989, 1991). Reciprocal connectivity exists be- 
tween the NST and other regions participating in the 
central nervous integration of autonomic function, in- 
cluding the paraventricular hypothalamic nucleus (Saper 
et al. 1976; Ricardo and Koh 1978; Sawchenko and 
Swanson 1982; Van der Kooy et al. 1984; ter Horst et al. 
1989; Lynn et al. 1991), the rostroventrolateral nucleus 
(Ross et al. 1985), and the parabrachial nucleus (Norgren 
1978; Ricardo and Koh 1978; Saper and Loewy 1980; 
Herbert et al. 1990). The NST projects to the vagal pre- 
ganglionic motoneurons in both the dorsal motor nucleus 
of the vagus and the nucleus ambiguus (Norgren 1978; 
Ricardo and Koh 1978; Ross et al. 1985) and also pro- 
jects to the sympathetic preganglionic motoneurons in 
the intermediolateral column of the spinal cord (Loewy 
and Burton 1978; Holstege etal. 1979; Loewy 1981; 
Loewy and McKellar 1981; Morrison and Gebber 1984, 
1985; Bacon and Smith 1990), allowing direct modula- 
tion of autonomic outflow pathways. 

Similar to its role in the autonomic nervous system, 
the NST also has a central role in the neural control of 
respiration (Feldman 1986). Carotid body (Finley and 
Katz 1992) and pulmonary (Kalia and Sullivan 1982; 
Bonham and McCrimmon 1990; Bonham and Joad 
1991) vagal afferents terminate in the NST. The NST 
contains the physiologically defined respiratory neurons 
of the dorsal respiratory group (Saether et al. 1987; 
Ezure et al. 1988) and reciprocally projects to the ventral 
medullary (Yamada etal. 1988; Connelly etal. 1989; 
Smith et al. 1989; Ellenberger and Feldman 1990) and 
pontine (Smith et al. 1989) groups of respiratory neu- 
rons. 

The caudal raphe nuclei, including the nuclei raphe 
magnus, obscurus, and pallidus are important sources of 
central afferents to the NST. These raphe neurons, as 
well as neurons in the adjacent reticular formation of the 
medial tegmental field, directly project to the NST (Bas- 
baum et al. 1978; Rogers et al. 1980; Ross et al. 198l; 
Thor and Helke 1987, 1989; Schaffar et al. 1988; Lynn et 
al. 1991). Furthermore, a variety of experimental studies 
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have demons t ra t ed  s t imula t ion  of  the caudal  raphe  nucle i  
al ters au tonomic  act ivi ty  (Polc  and Monn ie r  1970; A d a i r  
et  al. 1977; M c C a n n  et al. 1989; H o r n b y  et al. 1990; 
Carruth et al. 1992) and resp i ra t ion  (Sess le  et al. 1981; 
Ho l t man  et al. 1986a, b, 1987; La l l ey  1986a, b; Mi l lhorn  
1986; M o r i n  et al. 1990). However ,  the phys io log ic  sig- 
n i f icance  o f  these effects  of  raphe  s t imula t ion  has not  ye t  
been  comple t e ly  e lucidated.  

Cauda l  raphe  and ad jacen t  re t icu lar  fo rmat ion  neu- 
rons have h igh ly  co l l a te ra l i zed  axons,  which  m a y  be  
qui te  divergent .  A x o n s  f rom ind iv idua l  r aphesp ina l  and 
re t icu losp ina l  neurons  co l la te ra l i ze  to both cerv ica l  and 
lumbar  spinal  cord  (Hayes  and Rus t ion i  1981; Hu i sma n  
et al. 1981, 1982; Mar t in  et al. 1981a; L o v i c k  and Robin-  
son 1983). In  addi t ion,  r aphesp ina l  axon col la te ra ls  have 
been demons t r a t ed  to the sensory  t r igemina l  nucleus  
(Lov ick  and Rob inson  1983; Li  et al. 1993), pe r iaque-  
ducta l  gray  (Kwia t  and B a s b a u m  1990), med ia l  p reop t ic  
area  (Leanza  et al. 1991), and hypog los sa l  nucleus  (Ma-  
naker  et al. 1992). 

We  hypo thes i zed  that  the p ro jec t ion  f rom the caudal  
raphe  nucle i  to the N S T  (Basbaum et al. 1978; Rogers  et 
al. 1980; Ross  et al. 1981; Thor  and He lke  1987, 1989; 
Schaffar  et  al. 1988; Lynn  et al. 1991) migh t  represen t  an 
axon co l la te ra l  f rom raphesp ina l  neurons  also pro jec t ing  
to au tonomic  or  resp i ra tory  reg ions  of  the spinal  cord.  
Therefore ,  the double  re t rograde  f luorescen t  t racer  tech-  
n ique deve loped  by  Kuypers  and co l l eagues  (Kuypers  
and H u i s m a n  1984) was employed .  In jec t ion  o f  d iami -  
d ino  ye l low (DY) into the NST, c o m b i n e d  with  in jec t ion  
o f  fast  b lue  (FB) into e i ther  the cervical ,  thoracic ,  or 
l umbar  spinal  cord  p r o d u c e d  large numbers  o f  doub le - l a -  
be led  neurons  in the caudal  raphe  nucle i  and ad jacent  re- 
t icular  fo rmat ion  o f  the med ia l  t egmenta l  field.  These  re- 
sults demons t ra te  that ind iv idua l  neurons  o f  the cauda l  
raphe  nucle i  and ad jacent  reg ions  of  the ven t romedia l  re- 
t icular  fo rma t ion  co l la te ra l ize  to both  the N S T  and the 
spinal  cord.  This  observa t ion  documen t s  the exis tence  o f  
an ana tomic  substra te  for  w idesp read  modu la t i on  o f  the 
au tonomic  nervous  sys tem by the caudal  raphe  nucle i  
(Hols tege  1991; Jacobs  and A z m i t i a  1992). 

Materials and methods 

Animals 

Male Sprague-Dawley rats (200-400 g; Charles River, Wilming- 
ton, Mass.) were maintained on a 14-h/10-h light/dark cycle, with 
food and water ad libitum, and fasted overnight prior to fluores- 
cent tracer injection. Postoperatively, all rats were able to sponta- 
neously ambulate, ingest food and water, and groom. 

Surgery and tracer injections 

All rats received injections of two tracers. To search for neurons 
projecting to both the spinal cord and the NST, all animals were 
injected with DY (3% in distilled water) into the NST and with FB 
(3% in distilled water) into either the fifth cervical (n=3), fourth 
thoracic (n=3), or second lumbar (n=3) spinal segment. 

Rats were anesthetized with pentobarbital (75 mg/kg intraperi- 
toneally), and tracer injections were performed on the left side. 
Tracer injections were performed with glass micropipettes (100 
gm diameter) secured on a 10-~tl Hamilton microsyringe, and large 
tracer volumes (2-4 gl) were employed to maximize the detection 
of double-labeled neurons. For spinal cord injections, a laminecto- 
my was performed at either C5, T 4, or L 2. Tracer injections were 
centered in the ventral gray matter of cervical and lumbar spinal 
cord; while the thoracic spinal cord injections were centered in the 
lateral region of the intermediate zone, adjacent to the autonomic 
motoneuron pool. A micropipette was lowered into the gray matter 
of cervical and thoracic cord according to the following coordi- 
nates: 0.6 mm lateral to the midline and 1.4 mm deep from the 
dorsal surface of the spinal cord. For lumbar cord, the coordinates 
were similar, except that the micropipette was advanced 1.5 mm 
deep. For NST injections, the caudal portion of the occipital bone 
was removed and a micropipette was introduced according to the 
following coordinates: 0.1 mm rostral to the caudal border of the 
area postrema, 0.7 mm lateral to the midline, and 0.5 mm deep 
perpendicular to the dorsal medullary surface. 

A 4-~tl volume of tracer was attempted for each injection. The 
tracer injection was halted if tracer appeared at the surface of the 
brain or spinal cord from around the micropipette shaft. Any ex- 
cess tracer was rinsed away with saline. For over half of the tracer 
injections, the full 4 gl volume was successfully injected (Table 1) 
without spillage. 

Three series of rats served as controls for the large-volume in- 
jections utilized. The first series served to document the presence 
of double-labeled neurons without use of large tracer volumes. In 
three animals, 200 nl DY was injected into NST and 50 nl FB was 
injected into the cervical spinal cord, while in another rat 50 nl DY 
was injected into the NST and 4 gl FB was injected into the cervi- 
cal spinal cord. A series of animals served to control for the spread 
of DY into the fourth ventricle. Five rats were injected with 4 gl 
FB into the cervical spinal cord, and 1-3 ~tl DY was injected into 
the fourth ventricle. 

Table 1 Number of diamidino 
yellow- (DY) and fast blue- Case Diamidino yellow 
(FB)-labeled neurons in the me- 
dial tegmental field. DY and FB 
were each injected into either the 
NST or the spinal cord, as de- 
scribed in the text. The injection 1 NST 4.0 
volume for each tracer and site, 2 NST 4.0 
the survival time, and the num- 3 NST 4.0 
ber of neurons retrogradely la- 4 NST 3.6 
beled by DY alone, FB alone, or 5 NST 2.0 
both (double-labeled) are listed. 6 NST 4.0 
The numbers reflect neuron 7 NST 4.0 
counts from every ninth section 8 NST 3.2 
from each animal 9 NST 3.3 

Injection Injection 
site volume (gl) 

Fast blue Survival Number of labeled neurons 
time 

Injection Injection (days) DY FB FB+DY 
site volume (~tl) 

Cervical 4.0 16 751 2106 672 
Cervical 4.0 10 463 1593 470 
Cervical 4.0 12 1255 2220 769 
Thoracic 3.6 23 933 1203 576 
Thoracic 2.0 20 1035 1357 880 
Thoracic 4.0 19 1070 1740 952 
Lumbar 4.0 32 1834 628 1103 
Lumbar 3.0 31 1057 1063 798 
Lumbar 3.6 32 976 1163 359 



The final series of animals controlled for the spread of DY into 
structures adjacent to the NST. Injections of DY centered in the 
gracile nucleus were performed according to the following coordi- 
nates: 0.4 mm caudal to the caudal border of the area postrema, 

Fig. 1A-D Fluorescent labeling in caudal raphe nuclei with fast 
blue (FB) and diamidino yellow (DY). A FB cytoplasmic fluores- 
cence in nucleus raphe obscurus. Note the absence of nuclear la- 
beling. B A single double-labeled neuron with both DY nuclear 
and FB cytoplasmic fluorescence in nucleus raphe magnus. C DY 
nuclear fluorescence and double-labeled neuron with both DY nu- 
clear and FB cytoplasmic fluorescence in nucleus raphe magnus. 
D A single neuron labeled with DY nuclear fluorescence and a 
single neuron labeled with FB cytoplasmic fluorescence in nucleus 
raphe magnus. The two brightly labeled neurons in the upper left 
are double-labeled neurons out of the focal plane. Thick, filled ar- 
rows, neuron displaying only nuclear fluorescence from DY; thick, 
empty arrow, neuron displaying only cytoplasmic fluorescence 
from FB; thin arrow, double-labeled neuron displaying both nu- 
clear fluorescence from DY and cytoplasmic fluorescence from 
FB. Scale bar 10 gm for A-C; 15 ~tm for D 

81 

0.4 mm lateral to the midline, and 0.1 mm deep perpendicular to 
the dorsal medullary surface. One rat had 1 gl FB injected into the 
cervical spinal cord and 1 gl DY injected into the gracile nucleus. 
Three additional rats had 4 gl FB injected into the cervical spinal 
cord and either 1 gl, 1.5 gl, or 2 ~tl DY injected into the gracile 
nucleus. No more than 2 gl of DY could be injected into the grac- 
ile nucleus without efflux of tracer to the brainstem surface from 
around the micropipette shaft. 

Histology 

On the basis of preliminary studies and our previous results (Ma- 
naker et al. 1992), rats were allowed to survive for periods of up to 
32 days (Table 1) to allow maximal retrograde transport and neu- 
ronal labeling. After the survival period, rats were anesthetized 
with pentobarbital (150 mg/kg intraperitoneally) and transcardial- 
ly perfused with 100 ml clearing solution (6% dextran, heparin 
3000 U/l; 20 ~ followed by 500 ml fixative (10% paraformalde- 
hyde, 50 mM phosphate buffer; 20 ~ and then 500 ml cryopro- 
tectant (10% sucrose, 100 mM phosphate buffer; 10 ~ The brain 
and spinal cord were then dissected out, and placed overnight in a 
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second cryoprotectant (30% sucrose, 100 mM phosphate buffer; 
pH 7.3; 10 ~ Tissues were then blocked, mounted on cryostat 
chucks, and frozen in dry ice. Sequential sections 32 gm thick 
were cut at -18 ~ thaw-mounted on gelatin/chromate-coated 
slides, coverslipped with DPX Mountant (Electron Microscopy 
Sciences, Fort Washington, Pa), and stored with desiccant at -17 ~ 
C until examination. 

Microscopy, photography, and data analysis 

Sections through the medulla and pons were examined under epi- 
fluorescence with a Leitz Aristoplan microscope. FB fluorescent 
neurons were defined as only those somata with cytoplasm filled 
with blue-white fluorescence, a dark nonfluorescing nucleus, and 
at least one clearly discernible neuronal process (Fig. 1). DY fluo- 
rescent neurons were defined as containing the characteristic gran- 
ular yellow nucleus (Fig. 1). Neurons double-labeled, containing 
both FB and DY, were identified by their filled cytoplasm and 
brigthly fluorescing nuclei (Fig. 1). No leakage of DY or FB from 
neuronal somata was observed with the survival times utilized in 
the present study. Fluorescent neurons were counted from every 

Fig. 2A-D Line drawings depicting representative tracer injection 
sites. Black, central necrosis and residual tracer; gray shading, 
many glia and neurons, all intensely labeled with tracer. A Exam- 
ple of a section through the center of an injection site after diami- 
dino yellow (DY) was injected into the nucleus of the solitary 
tract. B Example through the center of an injection site after fast 
blue (FB) was injected into the fifth cervical segment. C Example 
through the center of an injection site after FB was injected into 
the third thoracic segment. D Example through the center of an in- 
jection site after FB was injected into the second lumbar seg- 
ment 

ninth section and manually plotted on camera lucida line drawings 
derived from adjacent sections stained with cresyl violet. The atlas 
and nomenclature of Paxinos and Watson (1986) was utilized, and 
neurons were placed within anatomic boundaries as defined by re- 
gional cytoarchitecture (e.g., Andrezik and Beitz 1985; Newman 
1985a, b). The analysis was limited to the caudal raphe nuclei and 
adjacent reticular formation nuclei of the medial tegmental field 
(as originally defined by Holstege and Kuypers 1977), where neu- 
rons with divergent axon collaterals have previously been demon- 
strated (Hayes and Rustioni 1981; Huisman et al. 1981, 1982; 
Martin et al. 1981a; Lovick and Robinson 1983; Kwiat and Bas- 
baum 1990; Leanza et ai. 1991; Manaker et al. 1992). Photogra- 
phy was performed with a Kodak T-Max 400. Data are presented 
as means+standard errors. 

Results 

Inject ion site analysis  

Tracer spread into adjacent  structures f rom the inject ion 
site centers was unavoidable  with the relatively large vol- 
ume of tracers employed in these studies (Fig. 2). There- 
fore, we now describe the in ject ion sites of  the n ine  
cases included in our quanti tat ive analysis  and our con- 
trol inject ion sites in the fourth ventr icle and the gracile 
nucleus.  

Nucleus of the solitary tract. Inject ions of DY centered 
in the NST (n=9) produced tracer extending into the ad- 
jacent  dorsal motor  nucleus  of the vagus, the area pos- 
trema, and the gracile nucleus.  In  no case did unabsorbed  
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tracer or the central zone of necrosis extend into the hy- 
poglossal nucleus. Similarly, cases with local spread of 
DY from the NST into the adjacent reticular formation 
were excluded from these studies. The tracer within the 
NST was limited to the intermediate and caudal regions 
of the nucleus and did not extend into the rostral regions 
of the nucleus. 

Cervical spinal cord. Injections of FB (n=3) into the fifth 
cervical segment were all centered and most extensive in 
the ventral gray matter, although necrosis and unab- 
sorbed tracer were also observed in the dorsal gray mat- 
ter. The injection site extended rostrally and caudally for 
up to one spinal segment in each direction. The medial 
and lateral motoneuronal columns were heavily infiltrat- 
ed with tracer, including the caudal portions of the 
phrenic nucleus. Necrotic material and residual tracer 
were also noted up to, but not crossing, the contralateral 
rim of the central canal. There was moderate extension 
of the injection site into adjacent regions of the dorsal 
and lateral funiculi, and minimal extension of the injec- 
tion site into the ventral and ventrolateral tracts. 

Thoracic spinal cord. Injections of FB (n=3) into the 
fourth thoracic segment produced injection sites centered 
in the intermediomedial and intermediolateral cell col- 
umns, although the entire gray matter was heavily infil- 
trated with tracer. As in cervical spinal cord, the injec- 
tion site extended rostrally and caudally for one spinal 
segment each. Residual tracer and necrosis were spread 
throughout the gray matter ipsilaterally and extended in- 
to the dorsal and lateral funiculi, but minimally into the 
ventral and ventrolateral funiculi. 

Lumbar spinal cord. Injections of FB (n=3) into the sec- 
ond lumbar segment produced similar results as in cervi- 
cal spinal cord. The injection site extended rostrally and 
caudally for one spinal segment each. The entire ventral 
gray was heavily infiltrated with tracer. Necrosis and re- 
sidual tracer were centered in the ventral gray but spread 
throughout the ipsilateral gray matter. The injection site 
extended only moderately into the dorsal and lateral fu- 
niculi and minimally into the ventral and ventrolateral 
funiculi. 

Gracile nucleus. Injection of DY into the gracile nucleus 
produced an injection site centered in the gracile nucle- 
us, with some spread into the superficial regions of the 
area postrema, but with no tracer evident in the NST in 
three of the four cases. In one case, after injection of 1.5 
~tl DY into the gracile nucleus, a small amount of tracer 
spread into the adjacent NST. 

Fourth ventricle. Injections of DY into the fourth ventri- 
cle produced nuclear labeling all along the dorsal surface 
of the medulla, and particularly within the area pos- 
trema. Often, a large quantity of injected tracer could be 
identified within the fourth ventricle. 
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Number of labeled neurons 

Larger numbers of medial tegmental field neurons retro- 
gradely labeled by DY injections into the NST (Table 1) 
were observed in association with lumbar injections of 
FB into the spinal cord than with cervical or thoracic in- 
jections. In cases with cervical injections of FB, the few- 
est neurons (1434+318) were retrogradely labeled by DY 
injected into the NST. More DY-labeled neurons 
(1815_+156) were observed in those cases receiving FB 
injections into the thoracic cord, and the highest numbers 
of retrogradely labeled DY neurons (2042_+472) were not- 
ed in cases following FB injections into the lumbar cord. 

In contrast, the largest numbers of FB labeled neurons 
were observed after FB was injected into the cervical re- 
gion (2610_+280 neurons). The numbers of neurons in the 
medial tegmental field retrogradely labeled with FB were 
intermediate after thoracic FB injections (2236_264 neu- 
rons) and smallest after tracer injection into the lumbal 
spinal cord (1705_+99 neurons). 

Distribution of labeled neurons 

Large numbers of neurons retrogradely labeled with DY, 
FB, or both fluorescent tracers were observed within all 
the nuclei and subregions of the medial tegmental field 
(Table 2, Fig. 3). The largest numbers of neurons retro- 
gradely labeled by DY injected into the NST were ob- 
served bilaterally within the lateral paragigantocellular 
nucleus, with moderate numbers of neurons present 
throughout the adjacent reticular formation and caudal 
raphe nuclei of the medial tegmental field. This labeling 
pattern is consistent with previous studies of the afferent 
connectivity of the NST (Basbaum et al. 1978; Rogers et 
al. 1980; Ross et al. 1981; Thor and Helke 1987, 1989; 
Schaffar et al. 1988; Lynn et al. 1991). 

Large numbers of neurons in the pars alpha and pars 
ventralis of the gigantocellular reticular nucleus were 
retrogradely labeled by FB injected into the spinal cord 
at either the cervical, thoracic, or lumbar levels. Many 
neurons with cytoplasmic FB fluorescence in the caudal 
raphe nuclei, and a moderate number of FB-labeled som- 
ata located within the paramedian, lateral paragiganto- 
cellular, and ventral pontine reticular nuclei projected to 
each level of the spinal cord. The distribution of retro- 
grade FB labeling is in close accord with previous de- 
scriptions of the brainstem afferents to the spinal cord 
(for review, see Holstege 1991). Therefore, only the lo- 
calization of neurons double-labeled by both DY injected 
into the NST and FB injected into the spinal cord will be 
described in detail. 

The highest densities of double-labeled neurons were 
observed in the nuclei raphe pallidus and obscurus (Fig. 
3). Quantitatively, the highest percentages of double-la- 
beled neurons were noted within the caudal raphe nuclei, 
while the highest absolute numbers of double-labeled 
neurons were contained within the gigantocellular reticu- 
lar nucleus, pars alpha. 
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Table 2 Distribution of diamidino yellow- (DY) and fast blue- 
(FB) -labeled neurons in the medial tegmental field. Number of la- 
beled neurons within the caudal raphe nuclei and adjacent regions 
of the ventromedial reticular formation after injections of DY and 

Injection site NST Cervical N=3 
Tracer injected DY FB DY+FB 

Medial tegmental field nuclei 

FB. The number of neurons retrogradely labeled by DY alone, FB 
alone, or both (double-labeled) is listed. The numbers reflect neu- 
ron counts from every ninth section from each animal. (NST nucle- 
us of solitary tract) 

NST Thoracic N=3 NST Lumbar N=3 
DY FB DY+FB DY FB DY+FB 

(mean• 33• 137• 45• 
(range) 26-45 114-159 38-50 

(mean• 5 7 •  198•  77• 
(range) 21-128 146-302 56-117 

Raphe pallidus 

Raphe obscurus 

Raphe magnus 
Ipsilateral (mean• 3 2 •  155• 78• 

(range) 13-68 124-184 65-94 
Contralateral (mean• 36• 127• 56• 

(range) 28-42 110-140 48-69 

Gigantocellular, pars alpha 
Ipsilateral (mean• 73+10 284•  100• 

(range) 56-90 230-389 70-153 
Contralateral (mean• 8 8 •  200• 67• 

(range) 67-122 157-228 54-78 

Gigantocellular, pars ventralis 
Ipsilateral (mean• 54_+32 2 0 6 •  57• 

(range) 17-118 76-275 17-94 
Contralateral (mean• 5 7 •  204• 40• 

(range) 15-121 100-294 16-81 

Lateral paragigantocellular 
Ipsilateral (mean• 134•  72_+12 23• 

(range) 71-203 48-89 12-35 
Contralateral (mean• 129•  61• 16• 

(range) 67-206 41-77 9-29 
Paramedian reticular 

Ipsilateral (mean• 34•  105• 26• 
(range) 27-47 93-113 23-32 

Contralateral (mean• 47•  103• 21• 
(range) 35-61 97-112 20-22 

Ventral pontine reticular 
Ipsilateral (mean• 22• 50• 17• 

(range) 6-45 47-77 12-33 
Contralateral (mean• 26_+9 36• 13• 

(range) 9-37 20-55 8-15 

32• 115•  73• 
12-47 89-142 32-94 

60• 105•  69• 
33-79 76-145 41-111 

43• 108• 85• 
23-62 93-136 73-100 
52• 80• 59• 
44-59 43-108 30-83 

143• 208• 153• 
84-229 150-252 132-168 

117• 162• 94• 
76-182 104-230 80-111 

50• 1 9 8 •  64• 
33-63 155-230 41-85 
57• 1 4 6 •  55• 
35-80 88-222 34-76 

153• 4 3 •  40• 
102-184 15-77 6-60 
150• 38• 29• 
102-180 18-51 19-41 

46• 112• 30• 
33-57 101-128 15-43 
63• 90• 26• 
20-102 53-128 6-39 

20• 14• 16• 
17-26 13-16 6-25 
27• 13• 9• 
19-37 4-21 2-15 

61• 35• 41• 
4276 26-47 15-57 

99• 49• 62• 
47-149 38-67 11-89 

60• 90• 68• 
48-69 55-121 50-97 
66• 56• 52• 
56-84 28-88 28-72 

85• 186•  103• 
51-128 104-259 64-157 
93• 129•  71• 
79-119 102-177 45-95 

85• 139•  71• 
49-143 81-217 32-121 
81• 87• 21 79• 
47-105 46-117 27-158 

228• 45• 63• 
168-330 13-70 21-123 
217• 15• 38• 
157-309 6-22 9-67 

76• 50• 26• 
20-153 33-64 9-59 
85• 27• 36• 
53-128 1440 12-82 

30• 23• 26• 
13-48 20-33 10-56 
22• 11• 17• 
14-38 10-13 2-45 

Caudal raphe nuclei 

Within each of the caudal raphe nuclei (nuclei raphe 
pallidus, obscurus, and magnus), a high percentage of 
the neuronal afferents to the NST originated from raphe- 
spinal neurons (Table 2, Fig. 3). Almost 70% of the neu- 
rons in the nucleus raphe pallidus that were retrogradely 
labeled by DY injected into the NST also projected an 
axon collateral to the thoracic spinal cord. Over 50% of 
all the neurons in the nuclei raphe obscurus and magnus 
that were retrogradely labeled by NST DY injections 
likewise projected to the thoracic spinal cord. Similarly, 
within the nuclei raphe pallidus and obscurus and bilat- 
erally within the nucleus raphe magnus, over 50% of the 
raphe neurons projecting to the NST also projected to the 
cervical spinal cord. Large numbers of caudal raphe neu- 
rons were also double-labeled by DY injected into the 
NST and FB injected into the lumbar spinal cord. The 
percentage of caudal raphe neurons projecting to the 

NST that simultaneously innervated the lumbar spinal 
cord ranged from 39% in the nucleus raphe pallidus to 
53% in the nucleus raphe magnus ipsilateral to the DY 
injection site. 

When quantified as those raphespinal neurons pro- 
jecting to the NST, lower percentages of double-labeled 
neurons were observed for all the caudal raphe nuclei at 
all levels of the spinal cord. The highest percentages of 
double-labeled neurons were present in the nuclei raphe 
obscurus and pallidus, where about 55% of the neurons 
projecting to the lumbar spinal cord also projected an ax- 
on collateral to the NST. A moderate percentage 
(39-48%) of afferents from the nucleus raphe magnus to 
the lumbar spinal cord and from all the caudal raphe nu- 
clei to the thoracic spinal cord were double-labeled from 
DY injected into the NST. Lower percentages (<30%) of 
raphespinal afferents to the cervical spinal cord were 
double-labeled by DY injected into the NST, particularly 
within the nucleus raphe magnus ipsilateral to the DY in- 



Fig. 3A-C Line drawings de- 
picting representative medial 
tegmental field labeling after 
injections of diamidino yellow 
(DY) and fast blue (FB). To al- 
low comparison of the distribu- 
tion of labeled neurons be- 
tween the three combinations 
of injections at each pontomed- 
ullary level, A is from animals 
with injections of DY into the 
nucleus of the solitary tract 
(NST) and FB into the fifth cer- 
vical segment, B is from ani- 
mals with injections of DY into 
the NST and FB into the fourth 
thoracic segment, and C is 
from animals with injections of 
DY into the NST and FB into 
the second lumbar segment. 
Only labeling within the caudal 
raphe nuclei and adjacent retic- 
ular formation of the medial 
tegmental field were analyzed 
and plotted. Within each of the 
three panels (A-C), the top 
drawing is at the level of the 
nuclei raphe magnus and pall- 
idus, while the bottom drawing 
is at the level of the nuclei 
raphe obscurus and pallidus. 
Because of the high density of 
labeling within the caudal 
raphe nuclei and adjacent 
ventromedial reticular forma- 
tion, these regions have been 
magnified and shown to the 
right of each brainstem section. 
Each symbol (small dot, filled 
circle, open triangle) represents 
a single neuron fluorescently 
labeled with DY, FB, or both 
DY and FB, respectively. (7, fa- 
cial nucleus, DPGi dorsal para- 
gigantocellular reticular nucle- 
us, Gi gigantocellular reticular 
nucleus, GiA gigantocellular 
reticular nucleus, pars alpha, 
IRt intermediate reticular nu- 
cleus, LPGi lateral paragi- 
gantocellular reticular nucleus, 
MVe medial vestibular nucleus, 
mlfmedial longitudinal fa- 
siculus, PCRtA parvicellular re- 
ticular nucleus, pars alpha, PrH 
prepositus hypoglossi nucleus, 
py pyramidal decussation, RMg 
nucleus raphe magnus, ROb nu- 
cleus raphe obscurus, RPa nu- 
cleus raphe pallidus, Sp5 spinal 
trigeminal nucleus, sp5 spinal 
trigeminal tract, SpVe superior 
vestibular nucleus) 
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jection site, where only 14% of the neurons projecting to 
the cervical spinal cord also projected to the NST. 

For each of the caudal raphe nuclei, double-labeled 
neurons were present throughout their rostrocaudal ex- 
tends. Specifically within the nucleus raphe magnus, 
there was no apparent difference between the numbers of 
double-labeled neurons located in the rostral and caudal 
portions of the nucleus. 
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Likewise, a low to moderate percentage of the neuronal 
afferents to the NST from these two nuclei also projected 
an axon collateral to the spinal cord, ranging from 25 to 
43% in the paramedian reticular nucleus and 25-46% in 
the ventral pontine reticular nucleus. 

Analysis of control injections 

Ventromedial reticular formation 

Large numbers of double-labeled neurons were observed 
in both the pars alpha and pars ventralis of the giganto- 
cellular reticular nucleus (Table 2, Fig. 3). In both of 
these regions, the number of double-labeled neurons 
ranged from 40 to 60% of the neurons that projected to 
the NST, except in the gigantocellular reticular nucleus, 
pars alpha ipsilateral to the injection site following FB 
instillation into the thoracic spinal cord. In the pars alpha 
and pars ventralis of the gigantocellular reticular nucle- 
us, greater numbers of neurons were retrogradely labeled 
by FB injected into the spinal cord at any level than by 
DY injected into the NST. Therefore, the percentages of 
raphespinal neurons projecting to the NST (16-48%) 
were lower than the percentages of neuronal afferents to 
the NST that projected to the spinal cord. 

The lateral paragigantocellular reticular nucleus con- 
tained a moderate number of double-labeled neurons 
compared with the caudal raphe nuclei and the pars al- 
pha and pars ventralis of the gigantocellular reticular nu- 
cleus. The largest numbers of neurons retrogradely la- 
beled by DY injected into the NST were observed in the 
lateral paragigantocellular reticular nucleus bilaterally, 
where of these neurons only 15-22% ipsilaterally and 
11-16% contralaterally also projected to the three differ- 
ent levels of the spinal cord. However, a larger percent- 
age of the neuronal afferents to the spinal cord originat- 
ing from the lateral paragigantocellular reticular nucleus 
projected an axon collateral to the NST, particularly 
those neurons projecting to the lumbar spinal cord, of 
which over half were double-labeled. 

Compared with other regions of the medial tegmental 
field, the paramedian and the ventral pontine reticular 
nuclei contained fewer double-labeled neurons that pro- 
jected to both the NST and the spinal cord. Yet the per- 
centages of neurons projecting to the lumbar spinal cord 
fi'om these two nuclei that were also retrogradely labeled 
by DY injected into the NST were surprisingly high. In 
the ventral pontine reticular nucleus, over 60% of the 
neurons contralaterally and 53% of the neurons ipsilater- 
ally projecting to the lumbar FB injection site were dou- 
ble-labeled. In the paramedian reticular nucleus, the per- 
centage of neurons projecting to the lumbar spinal cord 
that were also retrogradely labeled by DY injected into 
the NST were 34% ipsilateral and 57% contralateral to 
the injection sites. Lower percentages of neurons project- 
ing to the thoracic or cervical spinal cord from these two 
nuclei were double-labeled by DY injected into the NST. 

Small-volume injections. To document the presence of 
double-labeled neurons without use of large tracer vol- 
umes, small quantities of DY were injected into the NST 
in four animals. After injection of 200 nl DY into the 
NST and 50 nl FB into the cervical spinal cord in three 
animals, 38+10 double-labeled neurons were observed in 
the caudal raphe nuclei and adjacent regions of the retic- 
ular formation. Similarly, after injection of only 50 nl 
DY into the NST and 4 btl FB into the cervical spinal 
cord, 60 double-labeled neurons were noted in the medi- 
al tegmental field. 

Gracile nucleus injections. No double-labeled neurons 
were observed anywhere in the medial or lateral tegmen- 
tal fields, including the caudal raphe nuclei, following 
injection of 1 gl of DY into the gracile nuclei and 1 ~tl 
FB into the cervical spinal cord. After injection of 4 ~tl 
FB into the cervical spinal cord, injection of either 1.5 btl 
or 2 gl of DY into the gracile nucleus produced seven 
double-labeled neurons in the caudal raphe nuclei and 
adjacent regions of the reticular formation in each case. 
In a fourth animal, 4 gl FB was injected into the cervical 
spinal cord and 1 btl DY was injected into the gracile; 
however, some DY spread rostrally into a superficial, 
dorsomedial portion of the NST and resulted in 36 dou- 
ble-labeled neurons present in the medial tegmental 
field. 

Fourth ventricle injections. A series of rats were injected 
with 4 ~tl of FB into the cervical spinal cord, and from 
1-3 gl DY directly into the fourth ventricle. Injection of 
1 ~tl into the fourth ventricle in two animals produced ei- 
ther 5 or 22 double-labeled neurons in the medial teg- 
mental field. After injection of 2 gl DY into the fourth 
ventricle in one rat, 29 double-labeled neurons were ob- 
served in the caudal raphe nuclei and adjacent regions of 
the medial tegmental field. In two animals, 3 ~tl DY in- 
jected into the fourth ventricle yielded either 5 or 29 
double-labeled neurons in the medial tegmental field. 

Discussion 

Caudal raphe and adjacent reticular formation neurons 
send highly collateralized axons to multiple levels of the 
spinal cord (Hayes and Rustioni 1981; Huisman etal. 
1981, 1982; Martin et al. 1981a; Lovick and Robinson 
1983). Raphespinal axon collaterals havebeen demon- 
strated to the sensory trigeminal nucleus (Lovick and 
Robinson 1983; Li etal. 1993), periaqueductal gray 
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(Kwiat and Basbaum, 1990), medial preoptic area (Lean- 
za et al. 1991), and hypoglossal nucleus (Manaker et al. 
1992). The current results demonstrate many medial teg- 
mental field neurons that project to the spinal cord, par- 
ticularly raphespinal neurons, also collateralize to the 
NST. 

Specificity of medial tegmental field neuronal labeling 

The descending projections from the ventral part of the 
medial tegmental field to the spinal cord have been di- 
vided into sensory, somatic motor, and autonomic com- 
ponents (Basbaum et al. 1978; Martin et al. 1978; Bas- 
baum and Fields 1979; Holstege et al. 1979; Martin et al. 
1979, 1981b, 1982, 1985; Holstege and Kuypers 1982). 
In the present study, the large volumes of FB injected in- 
to the spinal cord, while centered in the somatic moto- 
neuronal regions of cervical and lumbar cord or the auto- 
nomic motoneuronal region of thoracic cord, spread 
throughout the ventral and dorsal grey matter of the spi- 
nal cord. As well, spread of the FB occurred into adja- 
cent white matter areas. Therefore, the FB injections are 
likely to have produced retrograde labeling in all three 
components of the descending projections to the spinal 
cord. 

Larger numbers of FB-labeled neurons were observed 
after FB was injected into the cervical than into the tho- 
racic or lumbar spinal cord. This difference in retrograd- 
ely labeled FB neuronal somata occurred despite the lon- 
ger survival intervals utilized for the more caudal spinal 
injections of FB. Several factors may have contributed to 
this observation. First, FB uptake into fibers of passage 
adjacent to the rostral spinal cord injection sites could 
have produced additional neuronal labeling in the medial 
tegmental field. Second, intraneuronal dilution of FB 
within medial tegmental field neurons projecting either 
longer distances to the lumbar spinal cord or wider ax- 
onal arborization patterns could have produced a de- 
crease in the detectability of retrogradely labeled neu- 
rons. Third, different numbers of medial tegmental field 
neurons might project to the different spinal cord seg- 
ments injected with FB. 

Smallest numbers of DY neurons were observed in 
the medial tegmental field after FB was injected into the 
cervical than into the thoracic or lumbar spinal cord. 
This pattern of DY labeling probably reflects the longer 
survival times employed with more caudal injections of 
FB, which allowed for greater retrograde transport of DY 
from the NST injection site to the neuronal somata resid- 
ing in the medial tegmental field. 

The large volume of DY injected into the NST spread 
into the adjacent structures of the dorsal vagal complex, 
the area postrema and dorsal vagal motor nucleus, and 
also into the gracile nucleus. However, control injections 
of DY directly into the gracile nucleus combined with 
FB injections into the cervical spinal cord did not pro- 
duce significant numbers of double-labeled neurons in 
the medial tegmental field. Furthermore, the caudal 

raphe nuclei do not project to the gracile nucleus (Bas- 
baum et al. 1978; Holstege and Kuypers 1982). In a sim- 
ilar manner, instillation of large quantities of DY (<3 gl) 
directly into the fourth ventricle combined with FB in- 
jections into the cervical spinal cord yielded insubstan- 
tial numbers of double-labeled neurons in the caudal 
raphe nuclei and adjacent regions of the reticular forma- 
tion. Spread of DY from the NST into the fourth ventri- 
cle cannot explain our observations, for several reasons. 
First, the same distributions of double-labeled neurons in 
the medial tegmental field were noted with the four cases 
in which less than a full 4 gl of DY was injected into the 
NST. Second, all of the NST injections of DY were halt- 
ed when DY appeared at the brainstem surface, and anal- 
ysis revealed these injection sites to be centered within 
the NST. Third, even if most of the DY injected into the 
NST effluxed into the fourth ventricle, the number of 
double-labeled neurons observed after these injections is 
many-fold in excess of that observed after injection of 
DY into the fourth ventricle alone. These observations 
from our control studies of DY injected into the gracile 
nucleus or the fourth ventricle combined with FB inject- 
ed into the cervical spinal cord suggest that the vast ma- 
jority of neurons retrogradely double-labeled by DY and 
FB in the current results project to the dorsal vagal com- 
plex, as previously demonstrated for medial tegmental 
field neurons projecting to the dorsal vagal complex 
(Basbaum etal. 1978; Rogers etal. 1980; Ross etal. 
1981; Thor and Helke 1987, 1989; Schaffar et al. 1988; 
Lynn et al. 1991). The retrograde DY labeling in the 
present study may reflect medial tegmental field projec- 
tions specifically to the autonomic motoneurons of the 
dorsal vagal motor nucleus, to the internuncial neurons 
in the NST, or to both. 

Many double-labeled medial tegmental field neurons 
that project to the spinal cord and the dorsal vagal com- 
plex were identified in the current results, but as dis- 
cussed above the labeling technique employed precludes 
identification of the specific terminal fields resulting in 
retrograde transport of the tracers. Axon collaterals to 
the spinal cord from double-labeled neurons projecting 
to the parasympathetic preganglionic motoneurons of the 
dorsal vagal motor nucleus (Basbaum et al. 1978; Rogers 
et al. 1980; Ross et al. 1981; Thor and Helke 1987, 1989; 
Schaffar et al. 1988; Lynn et al. 1991) have several puta- 
tive targets. Such axon collaterals might project to the 
sympathetic preganglionic motoneurons of the thoraco- 
lumbar intermediolateral column (Holstege et al. 1979; 
Loewy 1981; Loewy and McKellar 1981; Morrison and 
Gebber 1984, 1985; Haselton et al. 1988b; Bacon and 
Smith 1990), the parasympathetic preganglionic moto- 
neurons of the sacral spinal cord (Holstege et al. 1979; 
Loewy 1981; Loewy and McKellar 1981), or conceiv- 
ably both. These double-labeled neurons would be pre- 
dicted to reside within the nuclei raphe obscurus and 
pallidus and the caudal half of the nucleus raphe magnus, 
which contain the descending projections to autonomic 
motoneurons (Basbaum et al. 1978; Martin et al. 1978; 
Basbaum and Fields 1979; Holstege et al. 1979; Martin 



etal. 1979, 1981b, 1982, 1985; Holstege and Kuypers 
1982). Similarly, double-labeled neurons that project to 
the internuncial neurons of the NST (Basbaum et al. 
1978; Rogers etal. 1980; Ross etal. 1981; Thor and 
Helke 1987, 1989; Schaffar et al. 1988; Lynn et al. 1991) 
are likely to project to sensory interneurons of the dorsal 
and intermediate grey matter of the spinal cord (Bas- 
baum et al. 1978; Martin et al. 1979; Holstege and Kuy- 
pers 1982). These latter double-labeled neurons might be 
predicted to reside anywhere within the caudal raphe nu- 
clei or adjacent reticular formation, since the rostral nu- 
cleus raphe magnus projects to the dorsal horn, the cau- 
dal nucleus raphe magnus projects to laminae I and V, 
and the nuclei raphe pallidus and obscurus project to the 
spinal intermediate zone (Basbaum et al. 1978; Martin et 
al. 1978; Basbaum and Fields 1979; Holstege et al. 1979; 
Martin etal. 1979, 1981b, 1982, 1985; Holstege and 
Kuypers 1982). In addition, an individual caudal raphe 
neuron may project to both autonomic motoneurons and 
internuncial somata and also to somatic motoneurons. 
The presence of double-labeled somata throughout the 
rostrocaudal extents of each of the caudal raphe nuclei 
obviates drawing any inferences about axonal trajecto- 
ries based upon the previous parcellation of these nuclei 
into motor, sensory, and autonomic components (Bas- 
baum etal. 1978; Martin etal. 1978; Basbaum and 
Fields 1979; Holstege et al. 1979; Martin et al. 1979, 
1981b, 1982, 1985; Holstege and Kuypers 1982). 

Autonomic modulation 
by medial tegmental field neurons 

Neurons in the nuclei raphe pallidus and obscurus and 
adjacent ventromedial reticular formation widely project 
to the somatic motoneuron pools within both the spinal 
cord (Basbaum et al. 1978; Martin et al. 1978; Basbaum 
and Fields 1979; Holstege et al. 1979; Martin et al. 1979, 
1981b, 1982, 1985; Holstege and Kuypers 1982) and the 
brainstem (Holstege et al. 1977; Borke et al. 1983; Tak- 
ada et al. 1984; Ugolini et al. 1987; Fort et al. 1989, 
1990; Manaker et al. 1992) and manifest axon collaterals 
to multiple spinal cord levels (Hayes and Rustioni 1981; 
Huisman et al. 1981, 1982; Martin et al. 1981a; Lovick 
and Robinson 1983) and to the hypoglossal nucleus (Ma- 
naker et al. 1992). Neuronal firing rates within the nuclei 
raphe pallidus and obscurus ray with behavioral state, 
with firing rates at nadir during rapid eye movement 
sleep in association with postural muscle atonia (Heym 
et al. 1982; Trulson and Trulson 1982; Sakai et al. 1983; 
Fornal et al. 1985). These data led to the hypothesis that 
the caudal raphe nuclei globally modulate somatic and 
autonomic motor activity between different behavioral 
states (Holstege 1991; Jacobs and Azmitia 1992). The 
current results document the anatomic substrate for glob- 
al modulation of the autonomic nervous system. 

The nuclei raphe pallidus and obscurus and adjacent 
ventromedial reticular formation project to the parasym- 
pathetic preganglionic motoneurons of the dorsal vagal 
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nucleus (Basbaum et al. 1978; Rogers et al. 1980; Ross 
et al. 1981; Thor and Helke 1987, 1989; Schaffar et al. 
1988; Lynn et al. 1991) and the sacral spinal cord (Hol- 
stege etal. 1979; Loewy 1981; Loewy and McKellar 
1981), and to the sympathetic preganglionic motoneu- 
rons of the thoracolumbar spinal cord (Holstege et al. 
1979; Loewy 1981, Loewy and McKellar 1981; Morri- 
son and Gebber 1984, 1985; Haselton et al. 1988b; Ba- 
con and Smith 1990). Electrical (Coote and MacLeod 
1974; Neumayr et al. 1974; Cabot et al. 1979; Yen et al. 
1983; McCall 1984; Morrison and Gebber 1984, 1985) 
or chemical (Henry and Calaresu 1974; Minson et al. 
1987; Haselton et al. 1988a) stimulation of the caudal 
raphe nuclei predominantly inhibits sympathetic nerve 
activity and thereby reduces blood pressure (Coote and 
Macleod 1974; McCall 1984; Minson et al. 1987), al- 
though some sympathoexcitatory effects have been ob- 
served (Adair et al. 1977; Futuro-Neto and Coote 1982; 
Morrison and Gebber 1982). Stimulation of the caudal 
raphe nuclei also alters parasympathetic tone to the heart 
(Haselton etal. 1988a) and stomach (McCann etal. 
1989; Hornby et al. 1990). These data suggest the caudal 
raphe nuclei may directly alter the excitability of auto- 
nomic motoneurons. 

Visceral afferent inputs to the central nervous system 
may also be modulated by medial tegmental field neu- 
rons. The nuclei raphe pallidus and obscurus and adja- 
cent ventromedial reticular formation project to internun- 
cial neurons in the NST (Basbaum et al. 1978; Rogers et 
al. 1980; Ross et al. 1981; Thor and Helke 1987, 1989; 
Schaffar et al. 1988; Lynn et al. 1991) and to spinotha- 
lamic and other interneurons in the thoracic dorsal horn 
(Holstege and Kuypers 1982). Spinothalamic neurons re- 
ceiving sympathetic cardiopulmonary afferent inputs 
may be inhibited by raphe magnus neurons (Ammons et 
al. 1984; Chapman et al. 1985; Tattersall et al. 1986). 
These data support the concept that medial tegmental 
field neurons can modulate visceral afferent signals to 
the autonomic nervous system in parallel to the manner 
in which they modulate nociceptive afferents to the spi- 
nal cord (Jacobs and Azmitia 1992). The current results 
demonstrating that individual medial tegmental field 
neurons project to both the dorsal vagal complex and the 
spinal cord suggest that the caudal raphe nuclei may 
globally modulate both the afferent and the efferent ac- 
tivity of the autonomic nervous system in addition to that 
of the somatic motoneuron pools. 

Modulation of respiratory control by medial tegmental 
field neurons 

Caudal raphe and adjacent medial tegmental field neu- 
rons play an important role in respiratory control. The 
terminal arborizations of caudal raphe axons projecting 
to the NST (Basbaum et al. 1978; Rogers et al. 1980; 
Ross et al. 1981; Thor and Helke 1987, 1989; Schaffar et 
al. 1988; Lynn et al. 1991) are likely to include the respi- 
ratory neurons of the ventrolateral subnucleus of the 
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NST (Saether et al. 1987; Ezure et al. 1988), and caudal 
raphe neurons also project  to the respiratory neuron col- 
umn of  the lateral tegmental  field (Connelly et al. 1989; 
Ellenberger and Feldman 1990; Hol tman et al. 1990). 
Electrical and chemical  stimulation o f  the caudal raphe 
alters respiratory rate (Polc and Monnier  1970; Sessle et 
al. 1981; Hol tman et al. 1986a, b, 1987; Lalley 1986a, b; 
Mil lhorn 1986; Morin  et al. 1990). While  some studies 
suggest that the respiratory effects of  raphe stimulation 
are mediated by an intramedullary projection f rom the 
raphe nuclei to respiratory neurons which alter phrenic 
nerve activity (Holtman et al. 1986b; Lalley 1986b), the 
caudal raphe nuclei may  also exert direct effects upon 
phrenic motoneurons.  

The phrenic motor  nucleus is composed  of  somatic 
motoneurons  innervating the diaphragm, but receives a 
unique group of  premotor  neural inputs descending f rom 
the caudal brainstem rather than propriospinal  afferents 
(Feldman 1986; Holstege 1991). These descending path- 
ways  to the phrenic motor  nucleus include projections 
f rom the caudal raphe nuclei (Hol tman et al. 1984). The 
current results suggest  that individual medial  tegmental  
field neurons could simultaneously affect the activities of  
both NST respiratory neurons and phrenic motoneurons,  
thereby altering respiration. 

Conclusions  

Medial  tegmental  field neurons are known to be highly 
collateralized, and numerous  recent studies have docu- 
mented diverse projections throughout  the neuraxis 
(Hayes and Rustioni 1981; Huisman et al. 1981, 1982; 
Martin et al. 1981a; Lov ick  and Robinson 1983; Leanza  
et al. 1991; Kwiat  and Basbaum 1990; Manaker  et al. 
1992; Li et al. 1993). However,  the full extent o f  the ax- 
onal arborization pattern o f  an individual caudal raphe 
neuron remains unknown. The present results suggest  
that an individual medial  tegmental  field neuron may  
globally modulate  the activities o f  autonomic or respira- 
tory pathways by projections to the dorsal vagal complex  
and the spinal cord. Whether  such neurons also project  
axon collaterals to other regions o f  the central nervous 
system concerned with these physiological  functions re- 
mains to be demonstrated.  
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