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Neurons projecting from the rostra1 ventrolateral medulla 
(RVL) to the spinal cord were antidromically identified in rats 
anesthetized with urethane, paralyzed, and ventilated. The 
sites of lowest antidromic threshold were concentrated in 
the intermediolateral nucleus (IML). Their axonal conduction 
velocities were distributed bimodally, with the mean of the 
rapidly conducting fibers (> 1 mlsec) being 3.1 ? 0.1 m/set 
(n = 105), and of the slower axons being 0.8 -+ 0.03 m/set 
(n = 25). Single-shock electrical stimulation of RVL elicited 
2 bursts of excitation in splanchnic sympathetic nerve ac- 
tivity (SNA), which resulted from activation of 2 descending 
pathways with conduction velocities comparable to those of 
antidromically excited RVL-spinal neurons. The probability 
of discharge of RVL-spinal cells was synchronized both with 
the cardiac-related bursts in SNA with functional barorecep- 
tor reflexes and with the free-running 2-6 Hz bursts in SNA 
following baroreceptor afferent denervation. On the average, 
their spontaneous discharges occurred 67 f  2 msec (n = 
31) prior to the peak of the spontaneous bursts in splanchnic 
SNA. This time corresponded to the latency to the peak of 
the early excitatory potential in splanchnic SNA following 
electrical stimulation of RVL. Baroreceptor reflex activation 
inhibited RVL-spinal neurons. 

The recording sites of RVL-spinal vasomotor neurons were 
consistently located within 100 pm of cell bodies (Cl neu- 
rons) immunoreactive for the adrenaline-synthesizing en- 
zyme phenylethanolamine N-methyltransferase (PNMT). UI- 
trastructural analysis of the lateral funiculus of the cervical 
and thoracic spinal cord demonstrated PNMT immunoreac- 
tivity within myelinated (0.6-2.1 pm diameter) and unmy- 
elinated (0.1-0.8 Frn diameter) axons. Estimated conduction 
velocities of these fibers were comparable to the antidromic 
conduction velocities of the rapidly and slowly conducting 
populations of RVL-spinal vasomotor neurons. 

We conclude that in rat, the discharge of RVL-spinal va- 
somotor neurons strongly influences SNA: the baroreceptor- 
mediated inhibition of these neurons is reflected in the car- 
diac locking of SNA, while, in the absence of baroreceptor 
input, the synchronous discharge of RVL-spinal neurons 
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maintains a free-running 2-6 Hz bursting pattern in SNA. 
RVL-spinal neurons are located within, and may be elements 
of, the Cl adrenergic cell group, and they provide a sym- 
pathoexcitatory drive to neurons in the IML over rapidly and 
slowly conducting pathways that correspond to myelinated 
and unmyelinated spinal axons containing PNMT. 

It is now accepted that neurons in a zone topographically defined 
as the rostra1 ventrolateral medulla (RVL) play a critical role in 
governing the circulation. Such neurons provide the tonic ex- 
citation to sympathetic preganglionic neurons in the spinal in- 
termediolateral nucleus (IML) necessary for the maintenance of 
resting sympathetic tone and arterial pressure (Guertzenstein 
and Silver, 1974; Dampney and Moon, 1980; Willette et al., 
1983; Ross et al., 1984b; Granata et al., 1985). They function 
as the final common reticulospinal pathway mediating the cir- 
culatory responses to activation of baroreceptor (McAllen et al., 
1982; Willette et al., 1984; Granata et al., 1985; Sun and Guy- 
enet, 1985) and somatosympathetic (McAllen, 1985; Morrison 
et al., 1986) reflexes. Neurons of the RVL also serve as relays 
effecting the sympathetic responses to stimulation of other brain 
regions (Barman and Gebber, 1983; Hilton et al., 1983; Brown 
and Guyenet, 1985). Anatomically, RVL neurons project di- 
rectly to the IML (Amendt et al., 1979; Ross et al., 198 1, 1984a; 
Muira et al., 1983) and receive substantial innervation from 
neurons in regions of the nucleus tractus solitarii (NTS) com- 
prising the terminal fields of baroreceptor and chemoreceptor 
afferents (Loewy and Burton, 1978; Ross et al., 1985). Electro- 
physiologically, neurons in the RVL have been identified that 
can be antidromically activated from the spinal cord in the rat 
(Brown and Guyenet, 1984), rabbit (Terui et al., 1986), and cat 
(Barman and Gebber, 1983, 1985; McAllen, 1986). The activity 
of such neurons was modulated by baroreceptor stimulation. In 
rat and rabbit, 2 populations of reticulospinal cardiovascular 
neurons were identified: one with rapidly conducting and the 
other with slowly conducting spinal axons. 

The cytological identity of neurons in the RVL that function 
as sympathoexcitatory vasomotor neurons is uncertain. We have 
proposed (Ross et al., 1983, 1984b) that the sympathoexcitatory 
neurons in RVL correspond to adrenergic neurons of the Cl 
group (Hokfelt et al., 1974) identifiable in the RVL by im- 
munocytochemical labeling of the adrenaline-synthesizing en- 
zyme phenylethanolamine N-methyl transferase (PNMT) (Arm- 
strong et al., 1982). 

In support of the “Cl hypothesis” are the observations in rat 
that (1) adrenergic neurons in the rostra1 Cl group project to 
the spinal cord, where they terminate exclusively within the 
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IML (Ross et al., 198 1, 1983, 1984a), (2) the lowest-threshold 
sites in the RVL for electrically or chemically evoked pressor 
responses or wherein lesions abolish baroreceptor reflex re- 
sponses and lower arterial pressure correspond exactly to the 
location of Cl neurons or their axonal trajectories (Ross et al., 
1984b; Granata et al., 1985) and (3) the Cl area precisely over- 
lies the chemosensitive zone of the ventral surface of the me- 
dulla, a region in which a variety of agents profoundly affect 
arterial pressure (Benarroch et al., 1986a). 

Lacking, however, is direct electrophysiological evidence that 
the neurons exhibiting activity and response patterns indicative 
of a tonic sympathoexcitatory function are located within the 
C 1 group. Indeed, in investigations in rat (Brown and Guyenet, 
1984) cardiovascular neurons in RVL were believed to be lo- 
calized to the nucleus paragigantocellularis lateralis (PGCL), a 
large region containing, in part, serotoninergic and substance P 
neurons that project to the IML region of the spinal cord (Loewy 
and McKellar, 1981; Helke et al., 1982). 

Therefore, in the present study, we combined electrophys- 
iological methods with immunocytochemical localization of 
PNMT to ascertain whether the reticulospinal vasomotor neu- 
rons in the rat RVL correspond in their distribution to the Cl 
group, and whether both the rapidly and slowly conducting 
populations subserve a sympathoexcitatory function. We also 
examined the ultrastructure of the lateral funiculus of the spinal 
cord to determine whether the degree of myelination of PNMT- 
containing spinal axons would be appropriate for their function 
in the RVL-spinal sympathoexcitatory pathway. Preliminary 
communications of some of these data have been published 
(Morrison et al., 1986). 

micropipettes (2-6 MR at 1000 Hz) filled with 2 M NaCl saturated with 
fast green dye (Sigma). The indifferent electrode was attached to the 
skull. Recording sites were marked with electrophoretic dye deposits 
(15 PA of cathodal current for 20 min). Constancy of spike amplitude 
and contour were used to assess the unitary nature of the recordings. 
Two observations suggest that neuronal activity was recorded from the 
cell bodies rather than from fibers passing through the region. First, 
separation of the action potentials of the initial segment and the so- 
matodendritic regions could often be distinguished as an inflection along 
the rising phase of the unit spike. Second, the cells tested (n = 12) were 
excited by L-glutamate (Sigma, 1 M, pH 8) iontophoretically applied 
from a multibarrel pipette. Ejection currents were less than 50 nA, with 
retaining currents of 1 O-30 nA applied between ejection periods. Current 
balancing was effected with 2 M NaCl in an additional pipette barrel. 

Postganglionic SNA was recorded from the central cut end of the left 
splanchnic nerve dissected distal to the suprarenal (Baljet and Drukker, 
1979; Celler and Schramm, 198 1) or cardiac (Sapru et al., 1982) ganglion 
in the region between the diaphragm and the adrenal gland. Nerve 
activity was recorded with platinum hook electrodes in a monopolar 
configuration, amplified (Grass Model 7P3), and filtered between 1 and 
50 Hz. SNA and arterial pressure were continuously monitored on a 
polygraph (Grass). The electrocardiogram (ECG) was recorded with 
subcutaneous chest electrodes. A Schmidt-trigger circuit was used to 
derive standardized pulses coincident with the R-wave of the ECG. 

Materials and Methods 
General procedures 
Male Sprague-Dawley rats (350-450 gm) were anesthetized with intra- 
peritoneal injections of urethane (1.4 gm/kg). The trachea, femoral veins, 
and femoral artery were cannulated for artificial ventilation, infusion 
of drugs, and measurement of arterial pressure, respectively. Rectal 
temperature was maintained at 37°C with a thermostatically controlled 
heating table. The animal was placed in a stereotaxic apparatus and 
spinal investigation unit (David Kopf Instruments), with the bite bar 
11 mm below the interaural line and the spinal clamp on the T8 and 
T9 vertebral processes. An occipital craniotomy and Tl-T3 laminec- 
tomy were performed. Exposed nervous tissue was covered with warm 
mineral oil. Following paralysis with gallamine triethiodide (initial dose, 
6 mg/kg; supplements, 2 mg/kg/hr), animals were artificially respired 
with 100% oxvaen at a volume of 200-250 ml/min. A pneumothorax 
reduced respiraiion pump-related movements of tissue near the record- 
ing electrodes. For baroreceptor reflex activation, phenylephrine (100 
pg/rnl saline) was infused intravenously to produce a rise in arterial 
pressure. 

Electrical stimulation 
Sites in the RVL were stimulated with single pulses (30-50 WA cathodal, 
1 msec, 0.5 Hz) applied through glass micropipettes containing a carbon 
filament, 7 Frn in diameter, with an exposed tip of lo-25 pm. The anode 
was clipped to neck muscle. The facial nerve was stimulated with single 
pulses (2 mA, 0.2 msec, 0.5 Hz) delivered through a concentric bipolar 
electrode (Rhodes Medical, SNE 100) inserted into the nerve bundle as 
it traversed the platysma muscle. Monitoring the magnitude of the 
resulting antidromic evoked potential (onset approximately 1.4 msec) 
allowed localization of the caudal pole of the facial nucleus (Brown and 
Guyenet, 1985). 

To antidromically identify RVL neurons with axons that terminated 
in or passed near the spinal sympathetic nucleus, monopolar stimulation 
with 1 msec cathodal pulses was delivered to sites in the IML region 
of Tl-T3 through tungsten microelectrodes etched to a 50 hrn exposed 
tip. Stimuli applied to this area always elicited a short onset latency 
excitatory potential in the splanchnic nerve (e.g., Fig. 7, trace 2). Three 
criteria were used to distinguish antidromic activation of RVL neurons 
from that elicited orthodromically by stimulation of spinal afferent path- 
ways: (1) constant onset latency, (2) high following frequency, and (3) 
the collision test (Lipski, 1981; Morrison and Gebber, 1984). These 
tests were performed using stimulus intensities at least 100 PA greater 
than threshold. During the tests, pulses coincident with the unit dis- 
charges were obtained from a window discriminator and used to trigger 
an IBM-AT computer that delivered the desired stimulus configuration 
at a variable delay. These stimulation pulses were amplified and passed 
through a constant-current unit (Neurolog, NL-800). 

Data analysis 

were analyzed with an IBM-AT computer using a Data Translation 

Unit spikes were recorded on analog tape (HP 3968A) along with SNA, 
arterial pressure, and TTL pulses derived from either the R-wave of 

A/D board at a 1 kHz samnlina rate for each analog sianal. Proerams 

the ECG or stimuli delivered to the spinal cord or to the RVL. Data 

Baroreceptor denervation 
Using a ventral approach, nerves containing baroreceptor afferents (An- 
drew, 1954; McDonald, 1983; Hofer, 1985) were isolated and tran- 
sected. The cervical sympathetic and glossopharyngeal nerves were sec- 
tioned bilaterally, the latter just proximal to the entry of the carotid 
sinus nerve. The vagus nerves were sectioned between the nodose gan- 
glion and the entry of the recurrent laryngeal nerve. The completeness 
of baroreceptor denervation was established by demonstration of (1) a 
disruntion of the 1: 1 relationship between the bursts in splanchnic SNA 
and (he cardiac cycle and (2) the elimination of the reflex inhibition of 
SNA during elevations of arterial pressure produced by infusion of 
phenylephrine. 

Neural recordings 

were developed with Macmillai ASYST software ti perform the fol- 
lowing analyses: poststimulus averaging, post-R-wave analysis, and spike- 
triggered averaging. The applications of these averaging techniques have 
been previously described (Barman and Gebber, 1983; Morrison and 
Gebber, 1984, 1985). 

Immunocytochemical labeling for PNMT 
Recording sites in R VL. To determine the proximity of the recording 
sites of RVL-spinal neurons to the positions of Cl neurons, immu- 
nocytochemical labeling of PNMT-containing neurons was carried out 
on histologic sections of the medulla containing the fast green dye de- 
posited from the tip of the recording microelectrode. Animals were 

The spontaneous and evoked action potentials of RVL-spinal neurons perfused transcardially with 25 ml of heparinized saline, followed by 
were recorded extracellularly (AC-coupled, 300-3000 Hz) with glass 500 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). 
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Frozen microtome sections (30 pm) were cut through the RVL and 
placed in 0.1 M phosphate buffer. The polyclonal antiserum was pro- 
duced in rabbits against PNMT that had been purified from bovine 
adrenal medulla and tested for immunological specificity, as previously 
described (Joh and Goldstein, 1973; Joh and Ross, 1983). The antiserum 
was localized in the tissue by a modification (Pickel, 198 1) of the per- 
oxidase-antiperoxidase (PAP) method of Stemberger (1979). Briefly, 
sections were sequentially incubated in (1) a 1:3000 dilution of the 
PNMT antiserum containing 0.25% Triton X-100 for 12-18 hr, (2) a 
1:SO dilution of goat anti-rabbit immunoglobulin (IgG) for 1 hr, and 
(3) a 1: 100 dilution of a rabbit PAP complex for 1 hr. The diluents and 
the washes separating each of the incubations were prepared with 1% 
goat serum in 0.1 M Tris-saline. Incubations were done at room tem- 
perature with continuous agitation. The PAP reaction product was dem- 
onstrated by incubation with 3,3’-diaminobenzidine (DAB) and hydro- 
gen peroxide. Sections were then mounted on gelatin-coated glass slides, 
dehydrated, cleared in xylene, and the coverslips were mounted with 
Histoclad. Sections containing the dye deposit marking the unit re- 
cording site were photographed and the distance to the nearest PNMT- 
containing cell body was measured. 

Electron microscopy of spinal axons. Electron-microscopic exami- 
nation of spinal axons immunocytochemically labeled for PNMT al- 
lowed us to describe the diameters and myelination of these fibers. 
Following Nembutal(50 mg/kg, i.p.) anesthesia, male Sprague-Dawley 
rats (2501300 gm) were perfused transcardially with 1Omlbf heparinl 
ized saline. followed bv 75 ml of 3.75% acrolein and 2% oaraformal- 
dehyde in 6.1 M phosphate buffer (pH 7.4), followed by 260 ml of 2% 
paraformaldehyde in 0.1 M phosphate buffer. Coronal Vibratome sec- 
tions 30-40 pm thick were cut from blocks of the midcervical and the 
upper thoracic segments of the spinal cord. Following collection in 0.1 
M. phosphate buffer, sections were placed in 1% sodium borohydride in 
0.1 M phosphate buffer for 30 min (Schachner et al., 1977) to improve 
the immunocytochemical labeling (Milner et al., 1987). Sections were 
then rinsed in 0.1 M phosphate buffer until the gaseous bubbles disap- 
peared and then transferred to 0.1 M Tris-saline (pH 7.6). Immunocy- 
tochemical labeling for PNMT was carried out as described above for 
light microscopy, except that the PNMT antiserum incubation solution 
did not contain Triton X- 100. 

The labeled sections were postfixed for 2 hr in 2% osmium tetroxide, 
washed in phosphate buffer, dehydrated through a graded series of eth- 
anols, and flat-embedded in Epon 8 12 between 2 plastic coverslips. The 
lateral funiculus region containing PNMT-immunoreactive fibers was 
selected from these flat-embedded sections using a light microscope. 
Selected spinal sections were then placed in Beem capsules and ultrathin 
sections (500 A) were cut from the surface of the plastic-embedded 
tissue. These were collected on grids, counterstained with 5% uranyl 
acetate for 20 min and Reynolds lead citrate for 5 min (Reynolds, 1963) 
and examined with a Philips 201 electron microscope. Labeled axon 
profiles were photographed and their areas determined from these mi- 
crographs using an image analysis system (Eyecom II and PDP 1 l-45). 
Myelin laminae were included in the area determinations. The axonal 
diameter was calculated as the diameter of a circle of equivalent area. 

Results 
Antidromic activation of R W-spinal neurons 
Area explored. The RVL was systematically explored for neu- 
rons that were antidromically activated by electrical stimulation 
of the IML of the ipsilateral thoracic spinal cord. The area 
surveyed was confined to a region between 2.2 and 2.8 mm 
anterior, 1.7 and 2.1 mm lateral, and 1.8 and 2.6 mm ventral 
to the calamus scriptorius. Anatomically, this area extends about 
500 pm caudal to the facial nucleus, between the retrofacial 
nucleus and the ventral surface of the medulla. It is bordered 
medially by the nucleus gigantocellularis pars ventralis and the 
inferior olive and laterally by the spinal trigeminal nucleus. This 
region contains a large number of PNMT-immunoreactive neu- 
rons and corresponds to the rostra1 pole of the Cl cell group 
(Ruggiero et al., 1985). 

In 54 rats, we recorded from 130 RVL neurons that were 
excited at a constant latency by IML stimulation. These re- 
sponses were elicited antidromically since (1) each neuron was 

activated with a constant onset latency (Fig. lA, trace l), (2) 
they followed paired spinal stimuli with intershock intervals of 
less than 4 msec (i.e., had following frequencies greater than 
250 Hz), and (3) the responses of those neurons that were spon- 
taneously active satisfied the requirements of the time-con- 
trolled collision test for antidromic activation (Lipski, 1981; 
Morrison and Gebber, 1984). An example of the collision test 
is seen in Figure 1, A, B. In this case, IML stimulation produced 
a unit spike with an onset latency of 17.5 msec, but only when 
delivered at intervals greater than 19.0 msec (critical delay) after 
a spontaneous spike (Fig. IA). Paired spinal stimuli separated 
by intervals greater than 2.5 msec always produced 2 responses 
in this RVL neuron, indicating the refractory period of the most 
refractory portion of membrane between the stimulation and 
recording sites. To obtain a more accurate measure of the re- 
fractoriness of the axonal membrane at the stimulation site, 
paired spinal stimuli were applied 10.0 msec following a spon- 
taneous spike (i.e., at less than the critical delay). Due to collision 
of the first of the paired responses with the spontaneous spike, 
only the response to the second shock was recorded (Fig. lB, 
trace 1). The minimum intershock interval at which the second 
shock still elicited a unit spike was 1.5 msec, which was taken 
as a measure of the axonal refractory period (Swadlow, 1982). 
The critical delay was equal to the sum of the onset latency and 
the axonal refractory period, satisfying the requirements of the 
collision test. 

All RVL neurons that responded antidromically to IML stim- 
ulation were localized to a small region (Fig. 2) ventral to a 
cluster of neurons in the retrofacial nucleus with respiratory- 
related discharge patterns. In the rostrocaudal plane, they were 
recorded only within a 500 pm region immediately posterior to 
the caudal pole of the facial nucleus, as judged by the disap- 
pearance of the antidromic field potential elicited by facial nerve 
stimulation (Brown and Guyenet, 1985). Ofthe 130 RVL-spinal 
units studied, 66 (5 1%) were spontaneously active. As a group, 
these neurons were recorded at mean arterial pressures between 
75 and 110 mmHg and fired with a mean discharge frequency 
of 9 f  1 spikes/set. The discharge patterns of these cells were 
often quite regular (see Fig. 3A), particularly those with higher 
firing rates. 

Relationship of the antidromic threshold to the position of the 
stimulating electrode. In each experiment, the spinal stimulating 
electrode was initially positioned approximately 0.7 mm below 
the dorsal root entry zone in the second thoracic (T2) segment. 
While monitoring the evoked response in the splanchnic sym- 
pathetic nerve, the electrode position was adjusted to produce 
a short onset latency increase in SNA with the lowest stimulus 
current (8-30 MA). At these sites, the minimum current required 
to antidromically excite RVL neurons ranged from 4 to 800 PA 
(mean, 240 ? 36 WA; n = 38). Such a wide range of thresholds 
likely resulted from the fact that we stimulated only one site 
along the length of the intermediolateral cell column. In this 
regard, antidromic activation of RVL neurons could have arisen 
from stimulation of axonal processes terminating in the IML at 
varying distances rostra1 or caudal to the stimulating electrode 
or from stimulation of axons of RVL neurons coursing through 
the lateral funiculus (Ross et al., 1984a). 

To obtain more specific information on the possible termi- 
nation sites of RVL-spinal neurons, we identified spinal sites 
from which 11 RVL neurons were antidromically driven with 
the lowest stimulus currents. After locating a rostrocaudal po- 
sition at which the RVL neuron could be activated with a thresh- 



The Journal of Neuroscience, April 1988, 8(4) 1289 

?.*L Ventral surface 
I . 1. * ’ . . 1.. 1.. J 
0 m uoo Ism 

Figure 1. Responses of RVL neurons to spinal stimuli satisfied the time-controlled collision test for antidromic activation. Each panel contains 
5 superimposed traces; filled circles below each panel indicate spontaneous or evoked action potentials, filled triangles indicate spinal stimulus 
artifacts. A, I, At 19.0 msec (or longer) following a spontaneous unit spike, spinal stimuli evoked a constant-latency unit response (onset, 17.5 
msec). 2, At 18.0 msec following a spontaneous spike, no response was recorded because of collision. B, 1, When paired spinal stimuli 1.5 msec 
(or longer) apart are delivered 10 msec following a spontaneous spike, only the unit response to the second shock is recorded because of collision 
of the first with the spontaneous spike. 2, No response is recorded when the intershock interval is 1.3 msec (or less). Vertical calibration (A, B), 
100 PV, horizontal calibration, 5 msec. C, Depth-threshold relationship showing the threshold stimulation intensity for the antidromic responses 
of a different RVL-spinal neuron activated from sites separated by 200 pm in a ventral-to-dorsal track through the dorsal root entry zone of the 
second thoracic spinal segment. The onset latency of the response was 9.4 msec at each site. D, Lesion marking the site of lowest threshold for the 
antidromic activation of this RVL neuron. Arrow indicates intermediolateral nucleus on contralateral side. Calibration bar, 0.5 mm. 

old of less than 200 PA, the stimulating electrode was lowered lowest-threshold sites were consistently localized within or just 
in 200 pm steps along the dorsoventral axis. At each site, the lateral to the IML (Fig. 1D). In combination with the absence 
threshold current required for antidromic excitation of the unit of low-threshold sites in either the dorsal or ventral horns, this 
was established (Fig. 1C) (Morrison and Gebber, 1985). The finding provides good evidence that the axons of RVL-spinal 
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Figure 2. Recording sites (dots) of 66 spontaneously active RVL-spinal 
vasomotor neurons plotted on a coronal section through the rat medulla 
approximately 2.5 mm rostra1 to the calamus scripto&s. ZVN, inferior 
vestibular nucleus; MLF, medial longitudinal fasciculus; MVN, medial 
vestibular nucleus; NGCv, nucleus reticularis gigantocellularis pars ven- 
tralis; NT%, nucleus of the tractus solita&p&s rostralis; Pi cortico- 
spinal tract; PP, nucleus prepositus; RF, retrofacial nucleus; RO, raphe 
obscurus; RPa, raphe pallidus; R VL, nucleus reticularis rostroventro- 
lateralis; STT, spinal trigeminal tract; V, spinal trigeminal nucleus. 

neurons terminate near or pass in the vicinity of sympathetic 
preganglionic neurons in the IML. 

Spontaneous activity of R W-spinal neurons 

Relationship to rhythmic discharge in sympathetic nerves. To 
establish whether the activity of. RVL-spinal neurons plays a 
significant role in determining the spontaneous (tonic) discharge 
of sympathetic nerves, we analyzed the relationship between the 
spontaneous firing of RVL neurons and the rhythmic compo- 
nent of SNA recorded from the splanchnic nerve. Figure 3A 
illustrates a typical simultaneous recording of the discharge of 
an RVL-spinal neuron (lower trace), spontaneous sympathetic 
nerve firing (middle trace), and the arterial pressure (upper trace) 
in a rat with intact baroreceptor afferent nerves. The pattern of 
spontaneous splanchnic SNA consisted of rhythmic excitatory 
bursts associated with each cardiac cycle. These were displayed 
as slow waves, with the amplifier bandpass at l-50 Hz. The 
frequency of sympathetic slow waves ranged between 6 and 8 
Hz at heart rates of 380-480 bpm. The peak of each slow wave 
occurred during early diastole. RVL-spinal neurons discharged 
in most, but not all, cardiac cycles. It is important that their 
action potentials were followed by peaks in sympathetic slow 
waves, suggesting that the discharges of RVL-spinal neurons 
could lead to the bursts of excitation in the sympathetic nerve. 

The cross-correlational technique of spike-triggered averaging 
(Gootman et al., 1975; Gebber and Barman, 1981; Morrison 
and Gebber, 1984) provided a quantitative method for estab- 
lishing the consistency and the temporal aspects of the rela- 
tionship between the firing of RVL neurons and the rhythmic 
bursts in SNA. The example in Figure 3B, trace 1, shows the 
average of splanchnic SNA during the 250 msec period following 
1150 spontaneous spikes (time 0) of the RVL-spinal neuron 
depicted in Figure 3A. Note that the average waveform is in 
rhythm with the period of the cardiac cycle (128 msec; upper 
trace, Fig. 3A), indicating that, on the average, the RVL unit 
discharges were locked to the cardiac-related component of SNA 
and occurred prior to the peak activation of splanchnic nerve 
fibers. 

A 
AP 

SNA 

Unit 

2 0 250 
Post-spike interval lmsecl 

Figure 3. A, Digitized record of arterial pressure (AP), spontaneous 
splanchnic sympathetic nerve activity (SNA), and spontaneous RVL- 
spinal unit discharge. AP was 135/100; vertical calibration, 70 pV for 
SNA and 80 PV for unit spikes; horizontal calibration, 70 msec. B, I, 
Average of spontaneous SNA triggered (time 0) by spontaneous spikes 
of RVL neuron in A. 2, Average of same SNA recording triggered by 
random pulse train of same frequency as RVL neuron. 1, 2, Sweeps 
1150; bin width, 1 msec; vertical calibration, 10 pV. 

In contrast, when a random pulse train of the same average 
frequency as that of the RVL neuron was used to trigger each 
250 msec sweep of SNA, the resulting average (Fig. 3B, trace 
2) was flat, indicating the absence of a consistent temporal re- 
lationship between the pulse train and the bursts in SNA. 

These results suggest a predictable coupling between the spon- 
taneous activity of RVL-spinal neurons and the cardiac-related 
bursts in SNA. For 31 RVL-spinal neurons, the mean lag be- 
tween the occurrence of RVL unit spikes and the peak of the 
succeeding slow wave in SNA was 67 ? 2 msec. 

Relationship to the cardiac cycle. We examined the relation- 
ship of RVL neuronal activity and SNA to the cardiac cycle 
using post-R-wave analysis. To detect events or trends occurring 
at a regular time with respect to the cardiac cycle, the R-wave 
of the ECG is used to trigger an average of the physiological 
variable of interest. The middle trace in Figure 4 depicts the 
R-wave-triggered average of the spontaneous SNA, and in the 
lower trace the post-R-wave-interval histogram of the activity 
of an RVL neuron (same unit as in Fig. 3). The unit spikes 
recorded during 2240 cardiac cycles were displayed as the num- 



The Journal of Neuroscience, April 1988, 8(4) 1291 

I 1 I * 
50 100 150 200 250 

Post-R wave interval hsec) 

0’ 
0 

6 200 

P 
E 160 
5 

2 
120 

6 

ber of action potentials occurring in each 5 msec period follow- 
ing the R-wave of the ECG. These are displayed over 2 cardiac 
cycles to illustrate the consistency of the prominent peak in the 
discharge probability of this neuron in each cardiac cycle. The 
demonstration that the discharge probability of this cell was 
modulated in synchrony with the arterial pulse wave was typical 
of the activity of the 30 RVL-spinal neurons analyzed in this 
manner. 

These results demonstrate first that in rat, as in cat (Koizumi 

Figure 4. A, Post-R-wave averages of 
AP and SNA and histogram of RVL 
unit (same as Fig. 3) discharges. Sweeps 
1120; bin width, 1 msec for averages, 
5 msec for histogram; vertical calibra- 
tion for SNA, 50 FV. B, Effect of phen- 
ylephrine-induced increases in AP (ar- 
rows) on spontaneous SNA and 
discharge frequency of RVL-spinal 
neuron. Vertical calibration for SNA, 
100 pV; horizontal calibration, 6 sec. 

et al., 197 l), the spontaneous discharge of the splanchnic sym- 
pathetic nerve is synchronized with the cardiac cycle. Second, 
RX-spinal neurons exhibit a nonuniform probability of dis- 
charge over the cardiac cycle, with the peak of excitation oc- 
curring in late diastole, approximately 60 msec in advance of 
the peak in SNA. Note, however, that these neurons do not fire 
predictably at a precise time in the cardiac cycle (Fig. 4), but 
that, rather, their discharges fluctuate over a range of many 
milliseconds with respect to the R-wave. This suggests that the 
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Post-spike interval tmsec) 

Figure 5. Data recorded from baro- 
receptor denervated rat. A, Digitized 
record of AP, snontaneous SNA, and 
discharges of R&spinal neuron.‘Note 
disruption of 1: 1 synchrony between AP 
waves and bursts in SNA. AP was 11 O/ 
75; vertical calibration, 100 PV for SNA 
and unit recordings; horizontal calibra- 
tion, 130 msec. B, Spike (trace I)- and 
random pulse (trace 2)-triggered aver- 
ages of SNA. Sweeps, 1400; bin width, 
1 msec; vertical calibration, 12 pV. C, 
Post-R-wave averages of AP and SNA 
and histogram of RVL unit discharges. 
Sweeps, 1180; bin width, 1 msec for the 
averages and 5 msec for the histogram; 
vertical calibration for SNA, 40 WV. 
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activity of RVL-spinal neurons is also influenced by inputs that 
are not locked to the cardiac cycle. In addition, temporal in- 
formation in baroreceptor afferent activity may be diluted at 
synapses along the pathway leading to baroreceptor-mediated 
inhibition of RVL neurons. 

Injluence of the baroreceptor reflex. The clear relationship 
between the firing of RVL neurons and the cardiac cycle suggests 
that the neurons’ activity is normally influenced by the discharge 
of baroreceptor afferents occurring during each systolic pressure 
rise. However, the peaks in the post-R-wave histograms of RVL 
unit discharge could have arisen either from excitation by the 
baroreceptors or from the release of baroreceptor inhibition 
during diastole (Morrison and Gebber, 1984). To assess the 
influence of maintained baroreceptor activation on the firing of 
RVL units, we recorded the activity of 44 RVL-spinal neurons 
in response to elevations in arterial pressure produced by in- 
jections of a bolus of phenylephrine. As in the example in Figure 
4B, pressor responses to phenylephrine completely inhibited (or 
greatly reduced) the discharge frequency of all RVL-spinal neu- 
rons and produced a simultaneous suppression of SNA. For the 
33 RVL-spinal neurons that were silenced, the threshold mean 
arterial pressure for complete inhibition of their discharge av- 
eraged 137 ? 5 mmHg (range, 95-165 mmHg). 

activity and SNA after the removal of baroreceptor input by 
transection of the afferent nerves. As described by Gebber and 
Barman (198 l), interruption of the baroreceptor input elimi- 
nates the possibility of obtaining a positive cross-correlation 
between the activity of a nonsympathetic neuron and SNA due 
solely to the influence of a shared baroreceptor input. 

After denervation of all arterial baroreceptors, the sponta- 
neous activity of RVL-spinal neurons and the rhythmic slow 
waves in the splanchnic SNA were maintained (Fig. 54). The 
periodicity of the rhythmic bursts in SNA was reduced to 2-6 
Hz, an effect of baroreceptor denervation similar to that in cat 
(Gebber and Barman, 198 1). Baroreceptor denervation abol- 
ished the link between the cardiac cycle and the slow waves in 
splanchnic nerve discharge. This is clearly indicated by the flat 
post-R-wave average of SNA (Fig. SC, middle trace), in which 
the lack of any repeating pattern demonstrates that the slow 
waves in SNA occurred at random with respect to the R-wave 
trigger preceding each cardiac cycle. Section of baroreceptor 
afferents also abolished the cardiac-related component of RVL 
neuronal discharge (Fig. 5C, lower trace) and eliminated the 
inhibition of RVL unit activity and SNA previously elicited by 
the elevations in arterial pressure following systemic adminis- 
tration of phenylephrine. 

We next examined the relationship between RVL-spinal unit Most striking, however, was the observation that in the ab- 
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Figure 6. Histogram of the antidromic conduction velocities of the 
spinal axons of RVL neurons. Open bars represent total number of cells 
(n = 130), shading represents spontaneously active cells (n = 66). Note 
bimodal distribution suggesting myelinated and unmyelinated elements 
within the population. 

sence of baroreceptor input, the temporal relationship between 
the spontaneous discharges of RVL-spinal neurons and the ac- 
tivity on the sympathetic nerve was preserved (Fig. 5B, trace 
1). For 10 RVL-spinal neurons recorded following baroreceptor 
denervation, the mean lag between RVL-spinal unit spikes and 
peak activity in the succeeding bursts of SNA was 68 f 2 msec. 
This interval did not differ from the time between RVL unit 
discharge and peak SNA in rats with functional baroreceptor 
reflexes 0, > 0.05). The correlation ofRVGspina1 unit discharge 
with SNA following elimination of the potential coupling influ- 
ences of baroreceptor afferent input indicates either that RVL- 
spinal neurons comprise a reticulospinal pathway controlling 
spontaneous SNA or that they receive inputs from other med- 
ullary neurons that govern SNA. 

Conduction velocities of R VL-spinal vasomotor neurons 
Antidromic conduction velocities of RVGspinal neurons. The 
conduction velocities of the spinal axons of RVL neurons were 
calculated by dividing the distance between the recording and 
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Agure 7. Averaged responses (n = 30) evoked in splanchnic sympa- 
thetic nerve by stimuli applied to RVL (trace 1; stimuli: 50 PA, 1 msec 
duration, 0.5 Hz) and to lateral funiculus of the thoracic spinal cord 
(trace 2; stimuli: 60 PA, 1 msec, 0.5 Hz). Bin width, 1 msec; vertical 
calibration, 60 WV. Horizontalbars above traces indicate the conduction 
delays between corresponding peaks in the responses, used to calculate 
orthodromic conduction velocities (see text). 

stimulating electrodes by the onset latency of the antidromic 
response elicited by electrical stimulation of the IML. In this 
study, RVL-spinal neurons were antidromically activated from 
the second thoracic segment, which was 32-35 mm from the 
RVL recording electrode. The antidromic onset latencies of the 
RVL neurons ranged from 3.9 to 64.0 msec. The distribution 
of the calculated axonal conduction velocities of 130 RVL- 
spinal neurons is shown in Figure 6. For 25 neurons, the axonal 
conduction velocities were less than 1 m/set, with a mean con- 
duction velocity of 0.8 rt 0.03 m/set (Table 1). Presumably, the 
axons of these neurons were unmyelinated (Lee et al., 1986). 
The mean axonal conduction velocity ofthe remaining 105 RVL 
neurons was 3.1 +- 0.1 m/set, suggesting that this population 
consisted of lightly myelinated axons. 

Comparison with orthodromic conduction velocities. Both the 
rapidly and the slowly conducting RVL-spinal neurons appear 
to be sympathoexcitatory, since (1) they were inhibited by ac- 
tivation of the baroreceptor reflex and (2) their activity was 
synchronized with the discharge of the sympathetic nerve. To 

Table 1. Comparison of conduction velocities of RVL-spinal axons 

Rapid (myelinated) Slow (unmyelinated) 
Source (m/set) (m/set) 

Antidromically activated RVL neurons 3.1 + 0.1 (n = 105) 0.8 k 0.03 (n = 25) 
(1.1-9.2) (0.5-1.0) 

Orthodromic activation of spinal 2.8 t- 0.2 (n = 20) 0.6 +- 0.02 (n = 12) 
sympathoexcitatory pathways (1.4-4.6) (0.4-O-6) 

PNMT-containing axons 1.8-5.3 (n = 26) 0.3-1.0 (n = 63) 

Three independent measurements of the conduction velocities of reticulospinal axons potentially involved in mediating 
sympathoexcitation of RVL origin are compared. The antidromic conduction velocities of RVL vasomotor neurons are 
the means + SEM and ranges of the data used to construct Figure 6. The orthodromic conduction velocities of 
sympathoexcitatory pathways are the means + SEM and ranges of the measurements described in Figure 7. The estimated 
conduction velocities for the spinal axons containing PNMT were obtained by multiplying their mean diameter by the 
range of scale factors relating axonal size to conduction velocity (see Discussion). 
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Table 2. Splanchnic sympathetic nerve response latencies 

Stimulus size Onset (msec) Early peak (msec) Late peak (msec) 

RVL 41 i 1 (n = 28) 71? l(n=28) 166 * 3(n=21) 
Spinal cord 31 t 1 (n = 21) 59&2(rl=21) 105 + 3 (n = 16) 
The temporal characteristics of the increases (Fig. 7) in splanchnic nerve activity evoked by single stimuli applied to 
vasomotor unit recording sites in the RVL or to the IML region of the second thoracic spinal segment. The separation 
of the stimulation sites in the medulla and the spinal cord averaged 34 mm. In each rat, measurements were made from 
the averaged nerve response to 30 stimuli. Data are means ? SEM. 

provide further evidence that both the myelinated and the un- 
myelinated RVL-spinal pathways were sympathoexcitatory, we 
examined the effects of electrical stimulation of the RVL and 
of the upper thoracic spinal cord upon splanchnic SNA. This 
allowed us to compare the spinal conduction velocities of or- 
thodromically evoked sympathetic excitatory potentials with 
the antidromic conduction velocities of RVL-spinal axons. 

Stimuli (30-60 MA, 1 msec, 0.5 Hz) applied to sites in the 
RVL at which neurons had been antidromically activated from 
the IML elicited an excitatory evoked potential in the splanchnic 
nerve (Fig. 7, trace 1). The response was characterized by 2 
peaks, with mean latencies to peak of 7 1 and 166 msec (Table 
2). Stimulation of the lateral funiculus of the second thoracic 
segment, i.e., the region containing the axons of RVL-spinal 
neurons (Ross et al., 1984a), also evoked an early and a late 
excitatory response in SNA (Fig. 7, trace 2). The latencies to 
the peaks of these responses were 59 and 105 msec (Table 2). 

Two observations suggest that spinal stimulation activated 2 
descending sympathoexcitatory pathways with different con- 
duction velocities. First, in 4 rats, both components of the sym- 
pathetic evoked response were maintained following cervical 
spinal cord transection at Cl-C2, indicating that neither of the 
responses represented a reflex response integrated supraspinally. 
Second, the time between the early and the late peaks became 
shorter as the stimulating electrode was moved to more caudal 
thoracic segments. The 2 peaks eventually fused when stimu- 
lation was confined to the T6-T9 segments, which contain the 
preganglionic neurons of the splanchnic nerve (S. F. Morrison, 
personal observations). Thus, it is unlikely that the 2 peaks in 
the sympathetic response represent either repetitive excitation 
of spinal sympathetic neurons or activation of 2 pools of sym- 
pathetic preganglionic neurons with different conduction veloc- 
ities. 

While electrical stimulation of the T2 lateral funiculus may 
also have activated other descending inputs to the IML, the 
location of RVL-spinal axons in this position in the spinal cord 
(Ross et al., 1984a) suggests that activation of both the myelin- 
ated and unmyelinated axons of RVL-spinal neurons would 
contribute to the responses in the splanchnic nerve evoked from 
this site. Using this assumption, the spinal conduction velocity 
of each of the 2 sympathoexcitatory pathways activated by RVL 
stimulation was calculated by dividing the distance between the 
RVL and spinal stimulating electrodes by the time required for 

impulses to travel along each pathway from the RVL to the 
spinal stimulation site (Foreman and Wurster, 1973). For each 
pathway, the conduction time from the RVL to the spinal stim- 
ulation site is equal to the latency to the peak of the RVL evoked 
response minus the time from the spinal stimulation to the peak 
of the spinal evoked sympathetic response. Thus, the conduction 
time over the rapidly conducting pathway from the RVL to the 
upper thoracic stimulation site is represented by the left hori- 
zontal bracket in Figure 7, while that for the slowly conducting 
pathway is represented by the right horizontal bracket. 

This analysis yields orthodromic conduction velocities in the 
RVGspinal sympathoexcitatory pathways of 2.8 m/set and 0.6 
m/set (Table 1). These findings provide an important demon- 
stration that the sympathoexcitatory effects attributed to RVL- 
spinal neurons are mediated over pathways with conduction 
velocities that are comparable to those of the RVGspinal neu- 
rons. The slight discrepancies between the orthodromic and the 
antidromic results may have arisen from the skewed distribution 
of the antidromic conduction velocities of the cells sampled (Fig. 
6). 

Further evidence that antidromically identified RVL-spinal 
neurons mediate the sympathoexcitatory responses elicited from 
the RVL was obtained by comparing the latency to the peak 
of the SNA response following RVL stimulation and the delay 
between the spontaneous discharges of RVL-spinal neurons and 
the peak of the succeeding spontaneous burst in SNA. The mean 
latency to the early peak in the splanchnic SNA response to 
RVL stimulation was 7 1 f 1 msec (n = 28). This did not differ 
from the mean lag to peak SNA in the spike-triggered averages 
of RVL-spinal vasomotor neurons (67 + 2 msec; n = 31). 

Location of R U-spinal vasomotor neurons 
Fast green dye spots iontophoretically deposited at the recording 
sites of 27 antidromically identified RVL-spinal vasomotor 
neurons were recovered in histological sections immunocyto- 
chemically labeled with an antibody to PNMT. As illustrated 
in Figure 8, the recording sites of these RVGspinal neurons 
were consistently located within, or immediately adjacent to, 
the cluster of PNMT-containing neurons lying just caudal to the 
facial nerve nucleus and constituting the rostra1 pole of the Cl 
cell group. The distance from the center of the dye deposit to 
the nearest PNMT-labeled neuronal cell body in the same sec- 
tion was 69 f 5 Mm. Included in this group were 4 RVGspinal 

Figure 8. Fast green dye deposit marking the recording sites of RVL-spinal vasomotor neurons. A, C, Low-magnification photomicrographs of 
coronal sections through the RVL region of different animals. Green dye deposits (arrows) are surrounded by cell bodies and processes containing 
the brown PAP reaction product, indicating PNMT immunoreactivity (C 1 neurons). B, D, Higher magnification of A and C, respectively, showing 
the proximity of the unit recording sites to Cl neurons. Calibration bars, 500 pm (A); 25 pm (B); 250 pm (C); 50 pm (0). 
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Figure 9. Electron micrographs showing the ultrastructural localization of PNMT in myelinated (A, B) and unmyelinated (C, D) axons in the 
lateral funiculus of the upper thoracic spinal cord. Calibration bar, 0.5 pm. 

neurons with antidromic conduction velocities of less than 1 cording sites of 5 spontaneously active neurons that were neither 
m/set. Their mean distance to the nearest PNMT-containing antidromically excited from the thoracic spinal cord nor inhib- 
soma was 79 f 8 pm, which was not different from that of RVL ited by baroreceptor activation were located at a mean distance 
neurons with faster conduction velocities. In contrast, the re- of 250 + 33 pm from the nearest PNMT-labeled cell body. 
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Ultrastructural analysis of spinal axons containing PNMT 
immunoreactivity 
The finding that the Cl region of the RVL contains 2 popula- 
tions of spinally projecting sympathoexcitatory neurons, one 
with myelinated and the other with unmyelinated axons, raises 
the question of whether both of these axonal classes arise from 
neurochemically similar cells. We therefore sought to determine 
whether the spinal cord contained PNMT-immunoreactive ax- 
ons with diameters corresponding to the 2 ranges of conduction 
velocity determined for axons of RVL-spinal sympathoexcit- 
atory neurons. Following immunocytochemical labeling for 
PNMT, coronal sections of the upper thoracic (Tl-T3) spinal 
cord of 3 rats were prepared for electron-microscopic exami- 
nation. Prior to embedding, these sections were trimmed to 
isolate the funicular region lateral to the border between the 
principal nucleus of the IML and the spinal white matter. Ul- 
trastructural analysis revealed many axon profiles that con- 
tained PNMT immunoreactivity. These profiles ranged in size 
from 0.1-2.8 pm in diameter, often contained mitochondria, 
and lacked synaptic contacts and vesicles. The latter character- 
istics allowed us to differentiate unmyelinated axonal profiles 
from those of dendrites or axon terminals. 

Myelinated PNMT-containing axons (Fig. 9, A, B) were ob- 
served as individual profiles immediately surrounded by un- 
labeled axons lacking myelin. The myelin sheaths of PNMT- 
labeled axons had S-20 laminae, with the majority having 
between 10 and 12 laminae. Unmyelinated axons containing 
PNMT (Fig. 9, C, D) were often seen in groups of 2 or 3 within 
bundles of unmyelinated axons. 

The diameters of labeled axon profiles were determined using 
an image analysis system to measure their areas (including my- 
elin) from photomicrographs. The diameters of circles with equal 
areas were then calculated. The distributions of these diameters 
are shown in the histograms in Figure 10. The axonal diameters 
of myelinated PNMT-containing spinal axons ranged from 0.64 
to 2.84 Frn (mean, 1.17 -+ 0.11 pm; n = 26). Unmyelinated 
spinal axons containing PNMT had diameters (Fig. 10B) be- 
tween 0.14 and 0.86 pm (mean, 0.42 * 0.02 pm; n = 63). 

To provide evidence that the unmyelinated fibers in the tho- 
racic white matter were not simply terminal branches of my- 
elinated Cl-spinal axons, we also examined the lateral funiculus 
of the spinal cord at the midcervical (C3-C5) level for PNMT 
immunoreactivity. At this spinal level as well, both myelinated 
and unmyelinated fibers were found containing PNMT. The 
distribution ofaxonal diameters for these fibers was not different 
from those in the thoracic spinal cord. 

Discussion 
In the present investigation, we used electrophysiological meth- 
ods to characterize the relationship between the discharges of 
reticulospinal “cardiovascular” neurons in the RVL and the 
activity in the splanchnic sympathetic nerve. In combination 
with immunocytochemical localization of PNMT, the func- 
tional identification of RVL neurons allowed us to determine 
whether the location of vasomotor neurons in the RVL corre- 
sponded to that of adrenergic neurons of the Cl group. We 
observed that the population of neurons in the RVL antidrom- 
ically excited from the IML consisted of both rapidly and slowly 
conducting units, that both of these groups were sympathoex- 
citatory, and that their spontaneous discharges were inhibited 
by baroreceptor stimulation. The firing of RVL-spinal neurons 
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Figure 10. Histograms of the diameters of myelinated (A; n = 26) and 
unmyelinated (B; n = 63) spinal axons containing PNMT immuno- 
reactivity. Data were obtained from electron micrographs. 

was predictive of the discharge of sympathetic neurons in the 
splanchnic nerve. Indeed, the cardiac rhythm in SNA appeared 
to be a consequence of the modulation of their spontaneous 
discharge by the rhythmic baroreceptor activation during each 
systole. The recording sites of RVGspinal sympathoexcitatory 
neurons were surrounded by cell bodies containing PNMT. 
Moreover, in the lateral funiculus of the spinal cord, PNMT 
was contained within myelinated and unmyelinated axons. These 
results are entirely consistent with the view that the sympa- 
thoexcitatory neurons of the RVL are elements of the Cl group 
and that the spinally projecting neurons of the Cl group have 
myelinated and unmyelinated axons. Further, the data imply 
that groups of sympathoexcitatory neurons of the Cl area dis- 
charge simultaneously to produce a synchronous input to large 
pools of preganglionic neurons in the IML. 

Properties of R VL-spinal neurons 

The RVL neurons antidromically activated from the IML can 
be divided into 2 groups on the basis of their conduction ve- 
locities. The first, comprising approximately 80% of the neu- 
rons, had axonal conduction velocities averaging 3.1 m/set, 
suggesting that they were lightly myelinated. The remaining 
neurons had conduction velocities of less than 1 m/set, implying 
that their axons were unmyelinated. The majority of the rapidly 
conducting neurons were spontaneously active, while, under the 
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conditions of this study, most of those in the unmyelinated 
group were silent. 

Several lines of evidence suggest that both myelinated and 
unmyelinated RVL-spinal neurons produce excitation of sym- 
pathetic preganglionic neurons. 

First, electrical stimulation with single shocks in the Cl area 
of the RVL elicited increases in SNA characterized by 2 peaks 
of excitation. The orthodromic conduction velocities of these 2 
responses were comparable to the antidromic conduction ve- 
locities of the 2 populations of RVL-spinal neurons. Thus, it is 
unlikely that either of the excitatory responses elicited in the 
splanchnic nerve by RVL stimulation was due to activation of 
fibers passing through the region, or that RVL-spinal neurons 
were involved in descending sympathoinhibitory networks. 
Moreover, when the stimulating electrode was progressively 
moved from the brain stem into sites in the lateral funiculus of 
the spinal cord, not only was the latency to each peak reduced, 
but the difference between the 2 peaks was shortened. These 
observations suggest that the 2 excitatory peaks in the sympa- 
thetic response were produced by stimulation of 2 descending 
pathways with different conduction velocities rather than by 
activation of a single descending tract that elicited either re- 
petitive firing of a pool of preganglionic neurons or excitation 
of 2 groups of preganglionic neurons containing axons of dif- 
ferent conduction velocities. 

Further support for the sympathoexcitatory role of RVL- 
spinal neurons was obtained by analyzing the relationship be- 
tween the discharge of individual RVL neurons and the bursts 
of excitation in splanchnic nerve fibers. Spike-triggered aver- 
aging demonstrated that the spontaneous action potentials of 
both rapidly and slowly conducting RVL neurons were tem- 
porally related to the peak of excitation in the subsequent bursts 
of SNA. With the baroreceptor reflexes intact, the discharges of 
RVL neurons were synchronized with the cardiac rhythm in the 
splanchnic nerve. Significantly, elimination of the baroreceptor 
input did not alter the locking of RVL unit activity to the SNA, 
even though the sympathetic slow waves now exhibited a free- 
running rhythm that was no longer related to the cardiac cycle. 
These data provide strong support for a causal relationship be- 
tween the spontaneous discharges of RVL-spinal neurons and 
the bursts of excitation in sympathetic nerves. 

Finally, the sympathoexcitatory nature of the RVL-spinal 
projection neurons was suggested by the finding that the dis- 
charges of neurons in both the rapidly and slowly conducting 
populations were inhibited in parallel with SNA during baro- 
receptor stimulation elicited by increases in arterial pressure. 
Thus, baroreceptor-mediated sympathoinhibition arises, at least 
in part, from the disfacilitation of sympathetic preganglionic 
neurons resulting from inhibition of RVL-spinal neurons by 
input from the baroreceptors, presumably conveyed over path- 
ways from the NTS. In this regard, the synchrony of the sym- 
pathetic slow waves with the cardiac cycle in baroreceptor-intact 
animals appears to be a consequence of the rhythmic wave of 
inhibition of RVL-spinal neurons following activation of the 
baroreceptor reflex during each systolic pressure rise (Barman 
and Gebber, 1983; Brown and Guyenet, 1984). While stimu- 
lation of the baroreceptors has been shown to produce sym- 
pathoinhibition at a spinal locus (Coote and Macleod, 1974; 
Taylor and Gebber, 1975) the functional implications of this 
mechanism remain to be determined. 

The reticulospinal neurons described here share, to a large 
extent, characteristics with neurons recorded in a similar med- 
ullary region of the cat (Barman and Gebber, 1983, 1985; 

McAllen, 1986) rat (Brown and Guyenet, 1984, 1985), and 
rabbit (Terui et al., 1986). Thus, in all 3 species, ventromedul- 
lary neurons can be antidromically activated from sites in the 
thoracic spinal cord. Our results are in agreement with the ex- 
tensive antidromic mapping study of the cat spinal cord (Bar- 
man and Gebber, 1985) that demonstrated that the IML was 
the most likely termination site of these ventrolateral medullary 
neurons, indicating that they are primarily involved in the con- 
trol of sympathetic preganglionic neurons. A significant per- 
centage of spontaneously active neurons and an inhibitory in- 
fluence of the baroreceptor reflex on their discharge were also 
common findings. Only in the cat (Barman and Gebber, 1983) 
was the temporal relationship between the firing of ventrolateral 
medullary neurons and SNA examined with and without baro- 
receptor influences. Similar to the results reported here in the 
rat, the finding of a maintained correlation in the cat between 
unit activity and SNA following baroreceptor denervation is 
consistent with the involvement of ventrolateral medullary neu- 
rons in sympathetic generating networks. That the RX-spinal 
pathway consists of both myelinated and unmyelinated axons 
appears to be characteristic of the rat (Brown and Guyenet, 
1985) and the rabbit (Terui et al., 1986), but, interestingly, not 
of the cat (Barman and Gebber, 1985). 

Relationship of R VGspinal neurons to Cl neurons 
The present study provides 2 lines of evidence to support the 
view that PNMT-containing neurons ofthe Cl group contribute 
to both the myelinated and unmyelinated components of the 
RVL-spinal pathway. 

The first derives from the observation that in every instance 
in which the position of the tip of the RVL recording electrode 
was localized in sections immunocytochemically labeled for 
PNMT, the recording sites were within approximately 70 Mm 
of a PNMT-containing cell body. Given the rich dendritic ar- 
borization and fairly large size of Cl neurons (Ruggiero et al., 
1985) it is probable that at least a few elements of the Cl group 
were within the recording distance (about 100 pm) of the elec- 
trodes used in these experiments. Indeed, our technique may 
have overestimated the distance between the electrode tip and 
the nearest PNMT-containing neuron. Since the dye spot was 
often surrounded by Cl neurons, the passage of current to de- 
posit the dye may have destroyed a PNMT-containing cell lo- 
cated at the electrode tip. Also, a Cl neuron lying just rostra1 
or caudal to the recording site may have been lost in the sec- 
tioning procedure. Whether PNMT is contained within the re- 
ticulospinal neurons with the electrophysiological characteris- 
tics described by ourselves and others will only be proven by 
combining intracellular marking with immunocytochemistry. 
Thus, while it is possible that another class of reticulospinal 
vasomotor neurons may be admixed with Cl neurons, our dem- 
onstration that RVL vasomotor neurons lie within or imme- 
diately adjacent to the Cl cell group indicates that the cyto- 
chemical designation of the C 1 area, rather than the anatomically 
defined PGCL nucleus, provides a more specific localization of 
the neurons comprising the RVL-spinal projection. That Cl 
neurons project directly and exclusively to the IML, surrounding 
the sympathetic preganglionic neurons in a rich plexus of PNMT- 
containing terminals (Ross et al., 1984a), is consistent with this 
conclusion. 

The second line of evidence comes from our localization of 
PNMT-containing axons in the area of the lateral funiculus, 
through which the axons of RVL-spinal neurons descend (Ross 
et al., 1984a). Here, PNMT immunoreactivity was found in 
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both myelinated and unmyelinated axons. The possibility that 
these PNMT-containing axons were elements of the rapidly and 
slowly conducting RVGspinal sympathoexcitatory pathways 
was examined by estimating the conduction velocities of the 
PNMT-containing axons using scale factors relating axonal di- 
ameter (pm) and conduction velocity (m/set). 

This relationship was originally described as a linear one in 
which velocity was 6 times the diameter (Hursh, 1939). More 
recent studies have indicated nonlinearities in the case of small- 
er-diameter myelinated fibers, resulting in scale factors between 
1.5 and 4.5 m/set/pm for axons with diameters from 2 to 10 
pm (Bessou and Perl, 1966; Boyd and Kalu, 1979; Lee et al., 
1986). Application of this range of scale factors to estimate the 
conduction velocities of the myelinated PNMT-containing spi- 
nal axons (Table 1) provides only an approximate comparison 
since the axons used to determine these scale factors were (1) 
from various peripheral sensory nerves of the cat and (2) larger 
than the myelinated PNMT-containing axons described here. 
In relating axonal size to conduction velocity for unmyelinated 
fibers, Lee et al. (1986) found that the central processes of C 
cells in dorsal root ganglia with diameters of 0.2-1.0 wrn had 
conduction velocities of 0.3-1.0 m/set. On the basis of these 
results, the unmyelinated PNMT-immunoreactive fibers in the 
spinal cord would also be expected to conduct impulses between 
0.3 and 1 .O m/set. As shown in Table 1, the calculated con- 
duction velocities of both groups of PNMT-containing axons 
are in agreement with those determined antidromically for RVL 
neurons projecting to the IML. Thus, the anatomic substrate 
exists to suggest that the sympathoexcitatory effects of RVL- 
spinal vasomotor neurons are mediated, at least in part, over 
axons containing PNMT. 

Cl neurons as cardiovascular neuroregulatory units in the 
RVL 

The evidence supporting the view that neurons of the Cl group 
are the critical elements within the RVL in governing the cir- 
culation is based on studies in which the distribution of Cl 
neurons, defined by immunocytochemical labeling for PNMT, 
has been combined with the tracing of efferent pathways (Ross 
et al., 198 1, 1984a), with analysis of functional changes in ar- 
terial pressure associated with electrical or chemical stimulation 
(Ross et al., 1983, 1984b), or with local impairment of neuronal 
function produced by drugs or lesions (Ross et al., 1983; Granata 
et al., 1985; Benarroch et al., 1986b). Such studies have dem- 
onstrated that neurons within a restricted region (Cl area) of 
the RVL corresponding to the rostra1 pole of the C 1 cell group 
directly innervate the IML, correspond to sites of the lowest 
threshold at which electrical or chemical stimulation elevates 
arterial pressure, and comprise the precise location wherein le- 
sions result in collapse of arterial pressure and abolition of baro- 
receptor and other cardiovascular reflexes. On this basis we have 
proposed (Ross et al., 1983, 1984b) that C 1 adrenergic neurons 
are tonically active, that they provide a critical sympathoexci- 
tatory drive to the IML, maintaining sympathetic tone, and that 
changes in the firing of these neurons underlie baroreceptor- 
mediated sympathoinhibition as well as many sympathoexci- 
tatory responses. 

The results of the present study support this concept. The 
electrophysiological characteristics of spinal projection neurons 
in the Cl area-possibly Cl neurons themselves-are entirely 
consistent with our interpretation of their role in the tonic and 
reflex control ofthe circulation. The fact that a majority of RVL- 
spinal neurons are spontaneously active and subserve a sym- 

pathoexcitatory function is appropriate for a role in governing 
resting levels of SNA and, hence, arterial pressure. That these 
neurons are inhibited by baroreceptor stimulation is in agree- 
ment with evidence that C 1 area neurons are essential for expres- 
sion of the vasomotor component of the baroreceptor reflex and 
suggests that baroreceptor input leads to reductions in arterial 
pressure through inhibition of RVL-spinal neuronal activity. 

The finding that the discharges of any RVL-spinal unit was 
correlated with the bursts of splanchnic SNA is not only con- 
sistent with a potent influence of Cl area neurons on the excit- 
ability of spinal sympathetic neurons, but also suggests that a 
significant number of RVL-spinal neurons discharge synchro- 
nously. As described in the cat (Barman et al., 1982), the si- 
multaneous discharge of Cl area neurons could arise from a 
common input shared by these neurons or from local intercon- 
necting networks, a possibility supported by the anatomical ob- 
servation that PNMT-containing neurons of the Cl area are 
innervated by PNMT-containing axon terminals (Milner et al., 
1987). Moreover, the finding that the discharge of individual 
RVL-spinal neurons was locked to multifiber bursts of action 
potentials in the splanchnic nerve implies that the axons of these 
neurons collateralize to innervate pools of spinal sympathetic 
neurons. While this interpretation is supported by a study of 
axonal branching of cat RVL-spinal neurons (Barman and Geb- 
ber, 1985) branching of spinal interneurons may also contribute 
to this relationship. Thus, the potency and widespread influence 
of the spinally projecting vasomotor neurons of the Cl area 
would explain the reduction of arterial pressure to spinal levels 
that follows bilateral lesion of this reticular region (Ross et al., 
1983; Granata et al., 1985). 

It should be cautioned that while the evidence strongly sup- 
ports the involvement of C 1 neurons in governing sympathetic 
activity and arterial pressure, the identity of the transmitter 
released from RVL-spinal neurons is not certain. Although it 
can be assumed that Cl neurons synthesize and release epi- 
nephrine, there is no evidence that epinephrine itself is the spinal 
sympathoexcitatory transmitter. Epinephrine can be detected in 
the rat spinal cord (Reid et al., 1975) and catecholamine ter- 
minals synapse directly on sympathetic preganglionic neurons 
(Chiba and Masuko, 1986; Milner et al., 1988). However, ion- 
tophoretically applied catecholamines, including epinephrine, 
inhibit the spontaneous firing of sympathetic preganglionic neu- 
rons (Coote et al., 198 1; Guyenet and Cabot, 198 1). In contrast, 
intracellular recordings from preganglionic neurons in vitro in- 
dicate that both norepinephrine and epinephrine increase the 
excitability of preganglionic neurons through alterations in their 
postspike potentials (Yoshimura et al., 1987). The issue of 
whether spinal epinephrine is sympathoexcitatory or inhibitory, 
the possible role of spinal interneurons in sympathetic pathways 
(Barman and Gebber, 1984), and the potential for corelease of 
amines with other transmitters in the IML (Appel et al., 1986) 
leave open the identity of the RVL-spinal neurotransmitter. 
Nevertheless, the evidence strongly favors the cytological iden- 
tification of the rostra1 Cl area as a site of tonic vasomotor 
neurons in the brain stem. 
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