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Abstract 

Anterograde transport of tritiated amino acids (leucine, 
lysine, and proline) was used to examine the spinal projec- 
tions of respiratory premotor neurons in the ventral respira- 
tory group (VRG) of cats. This population of neurons corre- 
sponds anatomically with the nucleus ambiguus-retroambi- 
gualis. Small volumes (20 to 50 nl) of tritated amino acids 
were pressure ejected into the middle of the VRG through a 
micropipette which permitted simultaneous recording of res- 
piratory modulated activity. In two cats injections were made 
caudal to the obex in regions which contained expiratory 
modulated neurons. In five cats injections were made rostra1 
to the obex in regions containing inspiratory neurons. After 
a 2-week survival period, cats were anesthetized and per- 
fused. The entire neuraxis was removed and processed 
using standard autoradiographic techniques. Transport of 
tritiated amino acids revealed a marked bilateral projection 
to lamina IX of the spinal cord at the C4 to C6 level and a 
primarily contralateral projection to laminae VIII and IX in the 
thoracic spinal cord. Distinct descending pathways to the 
phrenic motor neurons were observed in the lateral funiculus 
and in the ventral funiculus; descending fibers to the inter- 
costal motoneurons in the thoracic cord appeared to be 
restricted to the ventral funiculus. Labeling of axon terminals 
in both the cervical and thoracic cords was confined to ventral 
horn regions which contain motoneurons. These results sug- 
gest that monosynaptic projections from brainstem bulbo- 
spinal neurons to spinal motoneurons are important in con- 
trolling respiratory movements of the diaphragm and inter- 
costal muscles. 

The motoneurons Innervating the major muscles of the respiratory 

pump in mammals are located in the mid-cervical and thoracic spinal 
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cord. These neurons have rhythmic bursts of discharge that produce 
the alternating periods of inspiratory and expiratory muscle contrac- 
tion and, ultimately, airflow. The respiratory periodicity exhibited by 
these neurons is due to descending inputs of brainstem origin 
(Eccles et al., 1962; Cohen et al., 1974). Two neuronal populations, 
the dorsal respiratory group (DRG) in the region of the ventrolateral 
nucleus of the tractus solitarius and the ventral respiratory group 
(VRG) in the region of the nucleus ambiguus-retroambigualis, have 
been identified by electrophysiological methods to contain bulbo- 
spinal neurons that provide a powerful paucisynaptic respiratory 
modulated drive to spinal motoneurons. Antidromic activation tech- 
niques show that at least 25% of the bulbospinal VRG neurons have 
axons that arborize in the region of the contralateral phrenic nucleus 
(Merrill, 1974). In fact, analysis of brainstem neuron + spinal respi- 
ratory nerve (motoneuron) cross-correlations (Cohen et al., 1974; 
Hilaire and Monteau, 1976; Feldman et al., 1983; McCrimmon et al., 
1983) and intracellular spike-triggered averages (Fedorko et al., 
1983; Lipski et al., 1983) indicate that these projections have a 
dominant monosynaptic component. 

This study focuses on the VRG projections to the spinal cord. To 
determine precisely the target sites of descending projections from 
the VRG, we injected small volumes of tritiated amino acids into 
physiologically mapped subregions of the VRG in cats. Recording 
through the injection micropipette permitted precise placement of 
the injection within the VRG. This maximized the labeling of projec- 
tions from VRG neurons and minimized labeling of non-respiratory 
related projections arising from neurons in regions surrounding the 
VRG. The use of tritiated amino acids eliminated labeling due to 
transport by axons of passage through the injection site as occurs 
with horseradish peroxidase methods. Following standard protocols, 
the tissue was processed and examined for anterograde projections 
in the cervical and thoracic spinal cord. 

Materials and Methods 

In seven adult cats anesthesia was Induced with ketamine hydrochloride 
(0.4 ml, i.m.) which was followed by a mixture of chloralose and urethane 
(40 mg/kg and 250 mg/kg, I.v., respectively). Cats were placed in an 
atraumattc headholder and an occipital cranrotomy was made by rostra1 
enlargement of the foramen magnum, exposing the dura covering the 
medulla for several mrllimeters around the obex. The dura was then cut, 
exposrng the dorsal brainstem surface. A strain gauge connected to a 
differential amplrfter was placed around the thorax to Indicate phases of the 
resptratory cycle. 

An amino acrd mrxture consrsting of equal activrttes of tritiated leucine 
(specific activity, 110 Ct/mmol), lysine (70 Ci/mmol), and proline (100 Ci/ 
mmol, New England Nuclear) was concentrated to 125 gCi/pI in filtered 
saline (165 mM NaCI). A glass micropipette was filled from the tip to about 2 
cm up the shank wrth srlicone oil. About 3 to 5 ~1 of the amino acid cocktail 
were then sucked Into the tip by applying a moderate vacuum at the shank 
end of the electrode. A silver recording wire was inserted tnto the amino 
acid-saline solution in the electrode. The electrode was then sealed in a 
holder that connected the silver wtre to a source follower for extracellular 
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recordrng and the prpette to a solenord valve-controlled pressure source to 
regulate pressure injection of the amino acrd-saline solution. 

In all experiments the targeted region of the VRG was initially mapped In 
the transverse plane by recordrng wrth a tungsten mrcroelectrode. Infectrons 
were made In regrons containrng either predominantly inspiratory (I) or 
exprratory (E) modulated activity. In two cats rnrtral mapprng was done 
approxrmately 2 mm caudal to the obex rn a region of the VRG where only 
exprratory modulated activity was recorded. In the other five cats, rnsprratory 
modulated activrty was mapped in the VRG from 1 to 4 mm rostra1 to the 
obex. After completion of the mapprng, the glass micropipette was Inserted 
into the brarnstem and was targeted for the approximate center of (mapped) 
resprratory untt actrvrty. During the descent of the glass micropipette, neuronal 
actrvrty was monitored. If the drstance below the dorsal surface of the 
brainstem (3300 to 4700 wrn) and the range over whrch we could record 
insprratory neuronal actrvrty (-700 to 1000 gm) suggested that we were 
Indeed on target, the electrode was positioned at the depth corresponding 
to the center of recorded respiratory activity. While monitoring the micropi- 
pette menrscus through a x 100 mrcroscope with a calibrated retrcule, 5 to 
15 nl of amino acrd-saline solution were ejected. These small injections were 
repeated every 5 to IO min until a total volume of 20 to 50 nl was reached. 
Ten minutes after the last injection, the micropipette was slowly removed. 

Gelfoam was placed over the exposed brainstem and the overlying muscle 
and skin were sutured. Cats were allowed to recover and recerved dally 
prophylactrc doses of broad spectrum antibiotics. Within 72 hr after the 
surgery, cats began to eat and appeared healthy and alert. After 2 weeks, 
animals were re-anesthetized as previously described. The cats were then 
perfused transcardrally with 1 later of warm hepannized saline (1000 units, 
40°C) which was followed by 2 liters of 10% formalrn at room temperature. 
The entrre neuraxis was removed. 

Trssue was processed using standard procedures for autoradiography 
(Cowan et al., 1972). Fifty-micrometer frozen sections were cut. Every tenth 
section was mounted on slrdes and drpped in nuclear emulsion. Exposure 
trmes averaged 10 weeks after which the slides were developed. Sections 
were counterstained wrth thronin and coverslrpped. 

Injectron sates and labeled terminals were reconstructed with a mrcroscope 
equipped with a drawrng tube which superimposed the images of the tissue 
section and a bit pad cursor. Silver grams were readily observed under 
darkfield rllumrnatron. By visual examrnatron at a magnification of x 75, 
regions contarnrng concentratrons of silver grains above background counts 
were rdentifred. For each section, the position of these grains was entered 
into a computer file via the bit pad. Typrcally, labeling of axons, terminal 
axonai arbonzatrons, and synapses from 8 to 24 consecutive tissue sectrons 
were superrmposed. With the aid of computer software, each X 75 recon- 
struction was reduced In size and superimposed on a typical spinal cord 
segment drawn at x 20. Thus, we were able to obtain precise posrtionrng 
rnformatron for an entrre transverse section, even in Instances where spatial 
localrzatron was not obvrous at the level of a single section. 

Results 

All injections were centered in the VRG, as determined by both 
physiologrcal mapping and subsequent anatomical rdentifrcatron. 
Injection sites ranged from 2 mm caudal to the obex to approximately 
5 mm rostra1 to the obex. At all sites the neuronal discharge pattern 
was respiratory modulated. The respiratory modulated activity was 
predominantly expiratory in two cats and inspratory in five cats. 
Only neurons with respiratory modulated spiking patterns were 
recorded within 350 to 500 pm of the injection site (e.g., Figs. 1 and 
2). From reconstruction of the penetrations made with the tungsten 
electrode prior to injection, we estimate that the mediolateral extent 
of the population extended *400 to 600 pm from the injection site. 

Figure 1 is a complete reconstruction of the label observed in the 
spinal cord after injection into an inspiratory modulated region of the 
VRG rostra1 to the obex. Figure 2 shows a similar reconstruction 
after injectron tnto an expiratory modulated region of the VRG caudal 
to the obex. The specific patterns of label observed in all seven cats 
are represented by these two examples and will be discussed in 
detail. 

Axonal arbors and terminal synaptic fields in spinal cord gray 
matter 

C7 to C3. In four cases, we did not observe any concentration of 
label in the rostra1 cervical segments (Fig. 1). In three cases, silver 

grains were found in laminae VII to IX (Fig. 2). Two of these cats 
also had bilateral labeling of the intermediomedialis nucleus, 

C4 to C6. The major concentration of labeled terminals was 
located bilaterally in the nucleus lateromedialis of lamina IX of the 
ventral horn (Rexed, 1952) (Figs. 3 and 4, left). The label was 
uniformly distributed throughout this region, which forms a rostral- 
caudal column from C4 to C6 consisting of aggregates of cells 
separated by regions with few cells. This region is the unique location 
of phrenic motoneurons (Webber et al., 1979; Rikard-Bell and Bys- 
trzycka, 1980; Goshgarian and Rafols, 1981). The center of the 
labeled clusters was approximately 1.2 to 1.4 mm lateral to the 
midline in all segments. A slight (100 to 200 pm) lateral displacement 
of the cell column and associated label was seen in the ventral horn 
enlargement at C6 (Fig. 3). 

The density of labeling in lamina IX was greater in sections that 
contained many cell somata than in sections with few or no cell 
somata. Label was also found in regions both medial and lateral to 
lamina IX (laminae VII and VIII). This label did not seem to be 
associated with somata of neurons outside lamina IX, instead, it 
appeared to radiate toward or from lamina IX (Figs. 3 and 4A). 
Occasionally patterns of label suggestive of individual axons were 
observed crossing the midline ventral to the central canal. In no 
case did the dorsal and intermediate parts of the C4 to C6 gray 
matter (laminae I to VI) show any concentration of label above 
background levels. 

In all seven cats, the contralateral label was noticeably denser 
than that on the ipsilateral side, and the heaviest labeling was 
observed in the C5 spinal segment (Figs. 1 to 3). In experiments 
with inspiratory modulated injection sites, labeling of lamina IX in the 
contralateral C4 to C6 segments was considerably denser than the 
terminal labeling seen in the thoracic spinal cord. However, in the 
two cats injected caudal to the obex, the density of thoracic and 
cervical labeling did not differ as much. 

C7 and C8. In three of four cases in which there was no labeling 
of Cl to C3, no concentration of label in the caudal cervical 
segments was found. In the remaining four cats, silver grains in C7 
and C8 were seen concentrated in the region of lamina IX. Label 
was most dense on the contralateral side in three of these cats; 
label was evenly distributed in the fourth cat. 

T? to 772. In the three cats with label in Cl to C3 and C7 and 
C8, there was also obvious labeling of the interomediolateral cell 
column (IML) from Tl to T6. This label was most dense on the 
ipsilateral side, although it was sometimes observed bilaterally. In all 
seven cats the major concentration of label was restricted to the 
ventral horn on the side contralateral to the injection. Silver grains 
were found in close proximity to large neurons in laminae VIII and IX 
(Fig. 4, right). In many single sections there was a seemingly diffuse 
distribution of label in the ventral horn. Superpositron of label from 
10 to 25 serial sections revealed a striking clustering of label which 
coincided with the concentrations of ventral horn neurons (see Figs. 
1, 2, and 4). With injections rostra1 to the obex in inspiratory 
modulated regions, the density of this thoracic label was less than 
that observed surrounding C4 to C6 lamina IX motoneurons (Figs. 1 
and 4). Injections caudal to the obex still resulted in dense labeling 
in the vicinity of C4 to C6 motoneurons, although the apparent ratio 
of labeling in the C5 segment compared to that seen in the thoracic 
ventral horn was not as great. 

L7 to L3. Labeling of terminals in these segments was observed 
in the two experiments involving injection sites caudal to the obex. 
Terminal label was again localized to laminae VIII and IX (Fig. 2). 

Bulbospinal axons 

The axons of neurons at the injection site descended bilaterally in 
both the lateral and ventral funiculi (Figs. 1 and 2). In the upper 
cervical segments (Cl and C2), the labeling of these two tracts 
appeared approximately equal. The density of labeling in the lateral 
funiculus began to decrease at the C3 to C4 spinal segments and 
was almost nonexistent after C5. (In two cats labeling of the ipsilateral 
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Figure 1. Cat 383. Distribution of descending projections observed with autoradiography after injection of tritiated amino acids into an inspiratory modulated 
region of the VRG. A, Left: Photomicrograph of the injection site approximately 2.0 mm rostra1 to the obex. Bar, 2 mm. Right: lnspiratory modulated activity 
recorded around the injection site. B, Computer-aided reconstructions of the label seen in frontal sections of the spinal cord. Dots represent the presence 
of silver grains. Each drawing is a composite of the label observed in 24 tissue sections at the spinal level indicated. Labeling was most dense on the 
contralateral (left) side. See Figures 3 and 4 for details of the projections to C4, C5, C6, and T2. 
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F/gure 2. Cat 392. Drstnbutron of descendrng projections observed with autoradiography after rqectron of tntrated amino acids into an exprratory modulated 
region of the VRG A, Left. Photomrcrograph of the qectron site approximately 2.0 mm caudal to the obex. Bar, 2 mm. R/ght: Exprratory modulated activity 
recorded around the Infectron Me. B, Computer-aided reconstructions of the label seen tn frontal sections. Sections are represented as in Figure 1. 
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C6 

Figure 3. Darkfield photomicrographs of VRG projections to the gray 
matter in representative sections of C4, C5, and C6 from cat 746. Injection 
was in the right VRG 2 mm rostra1 to the obex. The projection to the 
lateromedialis nuclei of lamina IX is indicated by the arrows. Note that the 
labeling is heaviest on the contralateral (left) side in the C5 segment. 

lateral funiculus contrnued into thoracic segments where it appeared 
to termrnate in the IML.) Simrlarly, the projection in the ventral 
funiculus diminished bilaterally in C4 to C6 segments. Caudal to C6, 
labeled axons were restricted primarily to the contralateral ventral 
funiculus. This tract dissipated as it traveled through the thoracic 
cord. With VRG injections rostra1 to the obex, this tract was no 
longer apparent by T12. With VRG injections caudal to the obex, 
label in the ventral funiculus was found In the upper lumbar cord (Ll 
to L3). 

Discussion 

In prevrous anatomical studies of the descending projections of 
the nucleus ambrguus-retroambigualis, tritiated amino acids were 
injected into brarnstem regions determined by stereotaxic methods 
(Martin et al., 1981; Holstege and Kuypers, 1982). These authors 
were restricted to post hoc statements concerning the physiological 
behavior of the neurons in the region of the injection site. In the 
present study, we recorded from the pipette containing the amino 
acid cocktail; this enabled Injection of amino acids into the center 
of the regions of neurons with spontaneous inspiratory or expiratory 
activity in the VRG. Since the injections were of small volume and 
were centered in the respiratory neuronal regions, the number of 
non-respiratory modulated neurons outside these regions that trans- 
ported amino acids was minrmized. Prior studies which used ster- 
eotaxrc placement of tntrated amino acids in the regron of the VRG 
report substantial labeling of the IML. In four cases in this study, 
only slight or no labeling of the IML was observed (e.g., Fig. 1). In 
three cases, however, significant labeling of the IML was observed 
(e.g., Fig. 2). A recent study employing retrograde transport of 
horseradish peroxidase (Caverson et al., 1983) indicated that the 
neurons projecting to the IML In the second thoracic segment are 
located medial and ventral to the VRG; very few cells were labeled 
in the nucleus ambrguus-retroambigualis at the level of the obex 
(see also Gebber and Barman, 1984). Thus, our observation of a 
more selective projection in several cases than that reported by 
other authors may be due to the more precise targeting of our 
injections. We think that a significant component of the additional 
label observed in two cats (Fig. 2) results from transport by bulbo- 
spinal sympathetic neurons located outside the region of respiratory 
modulated neuronal activity. However, other factors may also ac- 
count for the observed differences. For example, longer survival 
times (Holstege and Kuypers, 1982) would allow time for more amino 
acid to be transported, perhaps resulting in detectable label In more 
regions. Subtle differences in experimental procedures or in the 
protocols for processing autoradiographs may also contribute to 
these differences. 

In neuroanatomical experiments one must consider at least two 
caveats. (i) The region of active uptake of the amino acids is 
impossible to circumscribe; if is likely that neurons in regions adja- 
cent to those identified as containing respiratory neurons transported 
the amino acids. (ii) Quiescent neurons within the regions containing 
respiratory modulated neurons could also transport the amino acids; 
some of these neurons may have functions unrelated to respiratory 
control. Since both of these possibilities could produce false positive 
results concerning respiratory-related projections, it is striking how 
limited the terminal labeling was In these experiments. 

Bulbospinal pathways. The bulbospinal projections from rnspira- 
tory neurons In cat are usually described as contralateral projections 
in the ventrolateral funrculus (Newsom Davis and Plum, 1972) 
although the existence of an ipsrlateral descending projection is 
acknowledged (Cohen, 1979; von Euler, 1983). Electrophysiological 
studies suggest that 10 to 15% of the axons may descend on the 
ipsilateral side (Merrrll, 1974; Sessle et al., 1978). However, neuroan- 
atomrcal studies have suggested a stronger bilateral projection from 
the inspiratory neurons in the DRG (Loewy and Burton, 1978). In this 
study the projection from the VRG to the phrenic motor nucleus was 
primarily contralateral, although there was also a significant rpsilateral 
projection (Figs. 1 and 3). 
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F/gure 4 DarkfIeld photomrcrographs of VRG projectrons to the contralateral ventral horn in a cervrcal (C5) and thoracrc (T2) segment from cat 746 
Below each photomrcrograph IS a reconstructron of the label drawn from 12 consecutrve sectrons 

Several investigators have localized the descending inspiratory 
pathway to the ventrolateral funiculus; however, others have pub- 
lished data which suggest a different location. Torvik (1957) con- 
cluded that most of the solitariospinal fibers descend in the lateral 
funiculus. Similarly, Kuypers and Maisky (1977) found that axons of 
solitary tract neurons descend through both the lateral and the 
ventral funiculi, while the fibers arising from neurons in the nucleus 
retroambigualis descend in the ventral and ventrolateral funiculi. In a 
recent study from this laboratory (Feldman et al., 1984) a site of C2 
spinal cord stimulation which elicited maximal orthodromic phrenic 
nerve activity was found in the lateral funiculus. Stimulation at this 
site also antidromically activated approximately 33% of the inspira- 
tory neurons in both the DRG and the VRG. The results of the 
present study suggest that many VRG inspiratory neurons have 
axons which descend in the lateral funiculus and terminate in the 
phrenic nucleus, since this lateral projection diminishes significantly 
in the C4 to C6 region. The ventral funiculus contains axons of VRG 
neurons which project to intercostal motoneurons and may project 
to phrenic motoneurons. 

Projections to phreruc motoneurons. Although the DRG is consrd- 
ered a major source of descending rnspiratory drive to the phrenic 
motor nucleus (Cohen et al., 1974; Hilaire and Monteau, 1976; 
Fedorko et al., 1983) It has also been demonstrated that VRG 
neurons prefect to phrenic motoneurons. Correlatron analysis of the 
trmrng of VRG neuronal impulse activity with whole phrenic nerve 
actrvrty (Hrlaire and Monteau, 1976; Feldman and Speck, 1983; 
McCrimmon et al., 1983) Indicates that approximately 40% of the 
VRG rnsprratory neurons make mono- or paucisynaptic projectrons 
to phrenic motoneurons. This interpretation has been challenged by 
Fedorko et al. (1983) based on their results from spike-triggered 
averages of VRG neuronal impulse activity and membrane potential 
recordrngs from single phrenic motoneurons. These authors suggest 
that only 2 to 7% of the VRG neurons make monosynaptic projec- 
ttons to phrenic motoneurons. They conclude that the majority of 
interactions indicated by extracellular correlatron analysis must be 
due to multisynaptic projections. This Implies that a significant 
component of the projection is via interneurons. Since in this study 
no terminal fields In regions outside the phrenic nucleus were labeled 
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in three cats, it is unlikely that spinal interneurons are important in 
this projection. Of course, the relevant premotor interneuron could 
be within the phrenic motor nucleus, but as discussed below, this 
does not seem likely. The apparent disparity between the results of 
Fedorko et al. (1983) and those of the present study could be due 
to several factors. (i) Amino acids are likely to be transported by a// 
neurons in the vicinity of the injection site, whereas extracellular 
recording experiments would only examine a limited subset of active 
neurons. Thus, the anatomical studies might given an overestimate 
of the strength of the projection to any given area relative to the 
number of normally active cells. (ii) Anatomical techniques might 
identify projections of neurons in or around the injection site that do 
not participate in descending respiratory drive commands, e.g., 
sympathetic prepreganglionic neurons (Caverson et al., 1983; Geb- 
ber and Barman, 1984). The combination of respiratory neuronal 
network architecture and the use of small injections in physiologically 
identified regions reduced the magnitude of this confounding factor. 
(iii) In experiments involving recording from a limited number of pairs 
of cells, there could be sampling problems that would bias the 
results. For example, the strength of projections from individual VRG 
neurons to individual phrenic motoneurons may be limited. This 
limitation could be structural or it could vary with physiological state, 
as has been hypothesized to occur with branch point failure (Luscher 
et al., 1982). Thus, the likelihood of demonstrating a monosynaptic 
connection between any bulbospinal neuron projecting to a subset 
of phrenic motoneurons and a single phrenic motoneuron (or even 
several proximal ones) would be limited and would depend on 
fortuitous sampling. Nevertheless, a cross-correlation analysis be- 
tween this single VRG neuron and whole phrenic nerve activity 
should reveal a monosynaptic projection. 

Phrenic motoneurons which provide the efferent innervation of the 
diaphragm via the phrenic nerve are unambiguously confined to the 
nucleus lateromedialis of lamina IX in cervical segments C4 to C6 of 
the cat (Duron et al., 1979; Webber et al., 1979; Rikard-Bell and 
Bystrzycka, 1980; Goshgarian and Rafols, 1981). There is circum- 
stantial evidence that the phrenic motor nucleus may contain some 
Interneurons. Keswani et al. (1954) reported interneurons in lamina 
IX based on chromatolysis studies. Also, Hilaire et al. (1983a) have 
obtained recordings from two interneurons in the vicinity of phrenic 
motoneurons which were likely to be Renshaw cells, excited by 
collaterals of phrenic motoneurons. From counts of both horseradish 
peroxidase-labeled and unlabeled nucleolated cells within lamina IX, 
Webber et al. (1979) suggest that there may be interneurons within 
this area. Conspicuously absent, however, it any direct evidence of 
(excitatory) interneurons in the phrenic motor nucleus. Regardless, 
it is apparent that the phrenic motor neurons contains predominantly 
motoneurons. When recording intracellularly from neurons in lamina 
IX, all neurons with respiratory modulated oscillations of membrane 
potential can be activated antidromically with phrenic nerve stimu- 
lation (Webber and Pleshka, 1981; Cameron et al., 1983; but see 
Hilaire et al., 1983a). 

The distribution of silver grains in the region of the phrenic motor 
nucleus corresponds with the location of the cell somas and den- 
drites. Cameron et al. (1983) have observed that the dendrites of 
phrenic motoneurons project rostrocaudally within the nucleus, dor- 
somedlally to cross the midline, and both laterally and dorsolaterally 
into the lateral funiculus. They also observed a small number of 
ventrally directed dendrites; however, no dendrites were found to 
project dorsally. As seen in Figures 1 to 3, the distribution of 
descending projections and axon terminals from the VRG bulbo- 
spinal neurons overlaps all three of these dendritic fields. Note that 
no label was detected immediately dorsal to the phrenic nucleus. 

Projections to intercostal motoneurons. The short-term synchro- 
nization observed between thoracic intercostal motoneurons is 
thought to arise from the descending projections of bulbospinal 
respiratory neurons (Kirkwood et al., 1982). Cross-correlation studies 
have demonstrated monosynaptic projections from VRG inspiratory 

neurons to external intercostal motoneurons (Hilaire and Monteau, 
1976; McCrimmon et al., 1983). 

The motoneurons innervating the intercostal muscles are located 
in laminae VIII and IX of the thoracic spinal cord. Clusters of 
motoneurons are distributed throughout two overlapping areas. The 
lateral cluster (nucleus lateromedialis thoracalis) innervates primarily 
the parasternal intercostal muscles, although a small percentage of 
external and internal intercostal motoneurons are also located within 
this region. The medial area (nucleus ventromedialis) contains mo- 
toneurons which project to paravertebral, external, and internal 
intercostal muscles (Larnicol et al., 1982). The paravertebral moto- 
neurons are concentrated in the most medial portion of this nucleus 
and have recently been demonstrated to have a strong respiratory 
periodicity (Hilaire et al., 1983b). It has been postulated that the dual 
role the Intercostal muscles play in respiration and posture is re- 
flected in the relative degree of respiratory modulation in each group 
of muscles (parasternal, paravertebral, and lateral) (Larnicol et al., 
1982). Since the respiratory periodicity in the intercostal musculature 
is greatest in the parasternal and paravertebral muscles, the de- 
scending respiratory inputs to the thoracic spinal cord might be 
concentrated in the lateral and medial aspects of the ventral horn. 
The distribution of label throughout lamina IX seen in this study is 
consistent with this suggestion. 

Significance of monosynaptic projections to respiratory moto- 
neurons. An important observations of this study is the predominant 
confinement of cervical and thoracic spinal cord projections to 
ventral horn regions containing motoneurons innervating the dia- 
phragm and intercostal muscles. At the cerUcal level, the label was 
clustered in the region of the phrenic motoneuronal somata and 
dendrites. At the thoracic level, the label was clustered in the region 
of intercostal motoneurons. In three cases, we did not detect 
concentrations of silver grains indicative of terminal fields outside 
these regions, with the noted exceptions of the IML. 

The almost exlcusive C4 to C6 projection to the phrenic motor 
nucleus (as well as to the Tl to T12 intercostal motor nuclei) seen 
in these studies strongly suggests a monosynaptic projection from 
the brainstem premotor neurons to these motoneurons. In most limb 
motor systems (e.g., locomotion), the supraspinal input to the spinal 
motoneurons is mediated by spinal motoneurons which are impor- 
tant in the integration of afferent input with the descending com- 
mand. These interneurons are commonly located in laminae V to VII 
(Nyberg-Hansen, 1965). Thus, in limb motor systems, motoneuronal 
discharge produces movements that activate afferents in the limb. 
These afferents enter the spinal cord in segments proximal to the 
motoneurons and premotor interneurons and thus can make direct 
contact with the spinal interneurons which also receive descending 
commands. In contrast, respiratory movements activate both so- 
matic and visceral, e.g., pulmonary stretch receptor, afferents. The 
latter enter the central nervous system via cranial nerves and are 
especially important in the control of respiratory timing and pattern. 
In the brainstem these afferents can make monosynaptic connec- 
tions with the interneurons which conduct the descending com- 
mands directly to respiratory motoneu ons. Although both limb and 
respiratory muscles utilize interneur0r.s to integrate the centrally 
generated pattern with afferent feedbZ.ck, these systems differ in 
the location of premotor neurons (spina, cord versus brainstem) and 
in the length of the premotor neuronal axons. 

Recognizing the numerous caveats, we interpret our results to 
indicate that the predominant projections from VRG bulbospinal 
neurons are direct to phrenic and intercostal motoneurons and are 
likely to be monosynaptic. These bulbospinal respiratory neurons 
are unlikely to be involved in the generation of respiratory rhythm 
(Feldman et al., 1984) and therefore must be driven by the mecha- 
nisms which are responsible for respiratory rhythmogenesis. In 
addition to rhythmic inputs, many of the VRG bulbospinal neurons 
receive inputs from peripheral respiratory afferents (Cohen et al., 
1974; Sessle et al., 1978). These facts suggest that the VRG neurons 
may integrate both central inspiratory drive and afferent inputs to 
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produce the appropriate descending command for the precise 

coordinated inspiratory motoneuronal discharge necessary for ven- 
tilation in the cat. 
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