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Short-latency averaged responses in the C5 phrenic nerves to 
electrical stimulation (2.5-80 PA, 5-80 Hz; 150 ccsec pulse du- 
ration) of raphe pallidus (RP) and raphe obscurus (RO) were 
investigated in anesthetized, paralyzed, and artificially ventilat- 
ed cats. The responses to stimulation of RO were excitatory, 
whereas a mixture of inhibitory and excitatory responses of less- 
er magnitude were observed after stimulating in RP. The max- 
imal response was obtained from the ventral part of RO and 
consisted of early and delayed excitatory responses that were of 
equal magnitude in both left and right C5 phrenic nerve roots. 
The mean latency for the early response was 2.5 f 0.1 msec 
and for the delayed response was 7.0 & 0.2 msec. Both re- 
sponses were elicited during inspiratory phase stimulation, but 
only the delayed response was present during expiratory phase 
stimulation. The stimulus threshold of the early response was 5 
PA, the delayed response was elicited at currents as small as 
2.5 PA. Early and delayed responses were affected in different 
ways by increasing stimulus current and by increasing stimulus 
frequency. Intravenous administration of serotonin receptor an- 
tagonists methysergide (0.1-0.7 mg/kg), metergoline (33-244 
rg/kg), and cinanserin (1.5-9.0 mg/kg) caused significant dose- 
related reductions in the magnitude of the delayed response, but 
did not significantly affect the early response. These data sug- 
gest that the early and delayed excitatory responses are me- 
diated by different neuronal pathways. The early response does 
not involve serotonin release, while the later response is me- 
diated at least in part by activation of a serotonergic pathway. 
The early excitatory response may be mediated by descending 
bulbospinal inspiratory axons that decussate in the midline be- 
fore proceeding to the spinal cord to activate phrenic motoneu- 
rons. However, the delayed excitatory response probably occurs 
as a result of activation of serotonergic cell bodies in RO. These 
cell bodies likely project to medullary respiratory nuclei, which 
then project to the spinal cord to excite phrenic motoneurons. 
These findings are important in that they identify a specific 
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respiratory motor response mediated by a specific neurotrans- 
mitter and a brain stem nucleus. 

Evidence from recent anatomical and physiological studies in- 
dicates that the caudal raphe nuclei, consisting of the raphe 
obscurus (RO), raphe pallidus (RP), and raphe magnus (RM), 
may be involved in neural control of respiration. Retrograde 
and anterograde tracing techniques have revealed that the caudal 
raphe nuclei project to nuclei known to be involved in respi- 
ratory control. These nuclei include the phrenic motor nucleus 
(PMN) in the spinal cord and the nuclei of the tractus solitarius, 
which includes the dorsal respiratory group in the medulla. Holt- 
man et al. (1984a) showed that RO, RP, and RM project into 
the area of the PMN in the cervical spinal cord. In addition, 
the RM was also shown to project to the nuclei of the tractus 
solitarius (Basbaum et al., 1978). 

Using neurochemical and immunohistochemical techniques, 
the neurotransmitter serotonin, which is localized primarily in 
cell bodies of the raphe nuclei (Dahlstram and Fuxe, 1964; 
Poitras and Parent, 1978; Wiklund et al., 198 l), has been shown 
to be present in several nuclei involved with respiratory control. 
Oliveras et al. (1977) found a high serotonin content in micro- 
punches from the ventral horn of the cervical spinal cord at C5 
and C6, the location of the PMN column. Furthermore, sero- 
tonin-containing varicosities, which are thought to represent 
nerve terminals, have been found surrounding phrenic moto- 
neurons (Holtman et al., 1984b). Serotonin-containing varicos- 
ities have also been identified in the area of the nuclei of tractus 
solitarius (Maley and Elde, 1982), as well as in nucleus ambiguus 
(Steinbusch, 198 l), the latter constituting a portion of the med- 
ullary ventral respiratory group. Significant amounts of sero- 
tonin have been found in micropunches from the area of the 
nuclei of tractus solitarius and also in nucleus ambiguus (Pal- 
kovits et al., 1974). 

Stimulation of the caudal raphe nuclei produces changes in 
respiratory activity. As early as 1939, Pitts and colleagues re- 
ported changes in respiratory activity in the spontaneously 
breathing cat induced by electrical stimulation of RO, RP, and 
RM. Stimulation within RO and RM resulted in mixed effects, 
observed as either a tonic inspiration or tonic expiration, where- 
as stimulation within the RP resulted in tonic inspiration. Sessle 
and colleagues (198 1) reported that stimulation of RM inhibits 
inspiration as brief stimuli resulted in periods of apnea. Changes 
in overall phrenic nerve activity have also been observed during 
electrical stimulation of the caudal raphe nuclei. Phrenic nerve 
activity was increased by stimulation of RP and decreased by 
stimulation of RM (Dretchen et al., 1983). Holtman and co- 
workers (1986) showed that stimulation of RO causes an in- 
crease in phrenic nerve activity. Changes in phrenic nerve ac- 
tivity were also seen after microinjection of L-glutamate into 
the RO. This finding indicates that activation of RO cell bodies 
and not axons of passage (Goodchild et al., 1982) is responsible 
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for the increase in the phrenic nerve activity. Lalley (1985) 
recorded intracellularly from phrenic motoneurons and found 
that stimulation of RO causes inhibition, but that stimulation 
of the RP causes excitation of phrenic motoneuron spontaneous 
activity. 

In summary, data from prior studies indicate that serotonergic 
neurons of caudal raphe nuclei may be involved in respiratory 
control. However, as only single sites of stimulation within each 
raphe nucleus typically were studied and the role of serotonin 
in mediating changes in respiratory activity was not addressed, 
we felt that a more complete evaluation needed to be done. In 
the present study, we have systematically examined the effects 
of stimulation of the caudal raphe nuclei on short-latency phren- 
ic nerve responses and determined whether the neurotransmitter 
serotonin mediates the observed responses. We have focused 
on the RO and RP and characterized the short-latency phrenic 
nerve responses elicited by electrical stimulation throughout the 
entire rostrocaudal and dorsoventral aspects of these nuclei. 
Furthermore, the effects of several serotonin antagonists (meth- 
ysergide, metergoline, and cinanserin) have been evaluated for 
their abilities to block the evoked phrenic nerve responses to 
stimulation of RO. 

Materials and Methods 

General surgical procedures 
Twenty-four cats of either sex, ranging in weight from 1.8 to 3.5 kg, 
were anesthetized initially with Althesin (20 mg/kg, i.m., Glaxo Vet, 
Enaland). followed bv chloralose-urethane (30 and 150 mdkg, i.v.). 
Su~plemkntal doses oi‘chloralose-urethane were administered to main- 
tain anesthesia. A femoral artery and vein were cannulated for mea- 
surement of blood pressure and administration of drugs, respectively. 
Blood pressure was continuously recorded on a Gould/Brush polygraph. 
The trachea was also cannulated and end-tidal CO, measured (Beckman 
LB-2) and maintained at 5-6% bv adding CO, to the inspired hyperoxic 
gas mixture. The animals were paralyzed with gallamine (5 mg/kg/hr) 
and artificially ventilated. Rectal temperature was monitored and main- 
tained at 38-39°C with infrared lamps. 

Phrenic nerve recording 
The procedure for recording phrenic nerve activity has been described 
elsewhere (Berger, 1977). A dorsal midline incision was made initially, 
extendina from the occiuital ridge to the T2 vertebra. The right and left 
C5 phrenic nerves were-dissected free from the surroundingconnective 
tissue. The nerves were cut at their distal ends and desheathed. After 
the cats were mounted in a Kopf stereotaxic apparatus and spinal unit, 
each nerve was placed on a platinum bipolar recording electrode and 
immersed in warm mineral oil. Neural signals were amplified (Grass 
P15), filtered (1 Hz-10 kHz), and displayed on an oscilloscope; the 
oscilloscope signal was sent to a signal-averaging computer (Princeton 
Applied Research) for analysis. The neural signals were also full-wave- 
rectified, integrated using a “leaky integrator” circuit, and the integrated 
output continuously recorded on the polygraph to monitor inspiratory 
output. 

Electrical stimulation 
The overlying muscles of the head and neck were dissected, and a limited 
occipital craniotomy was performed to expose the caudal cerebellum 
and medulla. The dura was cut and retracted, and the caudal half of the 
cerebellum was removed by aspiration, thereby exposing the dorsal 
surface of the medulla. A stimulating electrode (stainless steel, mono- 
polar, 200-500 kR) was positioned perpendicular to the medullary sur- 
face and then visually aligned with the midline using the obex as a 
reference point. A stimulator (Grass S88) connected to a constant-cur- 
rent isolation unit (Grass PSIU6) delivered square-wave pulses at points 
throughout the RO and RP. Parameters for electrical stimulation were 
in the range of 2.5-80 PA, 5-80 Hz, with stimulus pulses of 150 psec 
duration. Generally, stimuli were applied throughout the inspiratory 
phase as well as the expiratory phase of the respiratory cycle. At the 
end of each experiment, stimulation sites were marked by passing a 
current of 100 PA for 5 sec. The brain stem was then removed and 
placed in 10% formalin in 0.9Oh NaCl. Fifty-micron sections were cut 

either in a sagittal or a transverse plane. Sections were stained with 
cresyl violet and Luxol fast blue. Lesion sites were identified using a 
microprojector (Bausch 8~ Lomb). 

Data analysis 
Short-latency responses in the phrenic nerves to electrical stimulation 
within RO and RP were analyzed using signal-averaging techniaues. 
The trigger to the averager was generated by the stimulator. The pa- 
rameters for averaging were 200 sweeps, 1024 bins with 40 psec/bin. 
We simultaneously averaged both right and left phrenic nerve responses 
on line. After acquisition of each pair of averages, the averaging com- 
puter memory was sent to an LM2 laboratory computer for storage on 
floppy disk for subsequent plotting and analysis. The evoked responses 
were quantified by determining the areas under each response (peak) 
using a digitizing tablet (Numonics Co.). In order to compare data 
between cats, the areas were converted to the percentage of maximal 
response for the current and frequency response curves, and to the 
percentage of control (vehicle only) for dose-response curves in the 
pharmacological experiments. 

Pharmacological studies 
Three serotonin antagonists (Fuller, 1980) were evaluated for their ef- 
fects on the evoked phrenic nerve averaged responses to stimulation 
within RO: methysergide (Sandoz, East Hanover, NJ), metergoline (Far- 
mitalia, Milan, Italy), and cinanserin (E. J. Squibb, Princeton, NJ). 
These compounds have been found to be selective serotonin antagonists 
(McCall, 1984; Proudfit and Anderson, 1974). Methysergide and cin- 
anserin were dissolved in 0.9% NaCl; metergoline was dissolved in 95% 
ethanol. 

Cumulative dose-response curves were generated by intravenous 
administration of each drug. Initially, the effect of vehicle control on 
evoked responses in phrenic nerve was evaluated. Neither 0.9% NaCl 
nor 95% ethanol caused significant changes in evoked responses. After 
administration of the respective vehicle control, successive doses of 
each drug were administered at 5-l 5 min intervals. The effects of the 
drug on evoked responses in phrenic nerve were determined just prior 
to administration of the next dose of drug. The level of phrenic nerve 
activity was observed to decrease in some cats after the higher doses of 
serotonin antagonists. When this decrease occurred, inspired CO, was 
increased to maintain phrenic nerve activity at pre-drug injection con- 
trol level. All drug responses were converted to percentage of control, 
the latter being the evoked response obtained after administration of 
the respective vehicle in which each drug was dissolved. 

Statistical analysis 
Current and frequency response curves, as well as the dose-response 
curves, were evaluated by regression analysis (Snedecor and Cochran, 
1967). The Student’s t test for paired data was used for all other com- 
parisons. The level of statistical significance for each test wasp < 0.05. 
In all cases, values are reported as means + SEM. 

Results 

Anatomical mapping of the averaged responses 
elicited in the phrenic nerve by electrical 
stimulation of raphe obscurus and raphe pallidus 
We began our study by determining what types of averaged 
phrenic nerve responses could be evoked by electrical stimu- 
lation during inspiration within the RO and RP. Responses to 
stimulation (50 PA, 20 Hz, 150 psec pulse duration) were mapped 
along the entire rostrocaudal and dorsoventral extents of the 
RO and RP as defined by Taber and colleagues (1960). Stim- 
ulations were made at 5, 4, 3, 2, and 1 mm rostra1 to the obex, 
at the obex, and at 1 mm caudal to the obex. In each track, the 
stimulations were performed in 500 wrn increments from the 
dorsal surface of the medulla. This procedure was performed in 
six cats, and a representative map is presented on a midsagittal 
section of the medulla in Figure 1. The extents of RO and RP 
are represented in this figure by dashed lines; RO can be seen 
to begin just caudal to the obex and to extend to about 5 mm 
rostra1 to the obex. The RP begins near the obex and extends 
rostrally for 5 to 6 mm. Rostrally, the RO and RP can be seen 



The Journal of Neuroscience Serotonin-Mediated Excitation of Phrenic Motoneurons 1187 

+5 mm +4mm +3 mm +2 mm +I mm Obex -I mm . 

RM , i’ ,/--\\ 

to merge with the RM. Focusing first on RP, one can see that 
the averaged responses elicited in the phrenic nerves were mixed. 
Electrical stimulation produced excitation, inhibition, or no re- 
sponse. An example of an excitatory response is seen at $4 mm 
and 4500 pm. The inhibitory responses were more numerous 
and can be seen at +2 mm and 4000 pm, + 1 mm and 3500 
pm, or obex and 2500 Wm. In some instances, the electrical 
stimulations produced essentially no response, as can be seen 
at +5 mm and 5000 pm, +3 mm and 4500 pm, or + 1 mm 
and 3000 pm. 

The type of response elicited in the phrenic nerves by electri- 
cal stimulation within RO was clearer. The predominant re- 
sponses were excitatory. Examples can be observed in all of 
the tracks at various depths along the entire rostrocaudal extent 
of the RO. Although excitatory responses were elicited in the 
phrenic nerves by stimulating at several sites within RO, the 
maximal excitatory response in the six cats tested consistently 
occurred at +2 or +3 mm rostra1 to the obex and at 2500 or 
3000 pm deep from the dorsal surface of the medulla. Figure 1 
shows the excitation, consisting of an early and a delayed ex- 
citatory response at +3 mm and 3000 pm. 

We focused our attention on this site within RO to charac- 
terize more completely the nature of the early and delayed ex- 
citatory response. To determine the mediolateral extent of the 
excitatory response, electrical stimulation (50 PA, 20 Hz, 150 
psec pulse duration) was performed within the midline and at 
1 and 2 mm on either side of the midline. Stimulations were 
again performed at 500 pm intervals from the surface of the 
medulla. These mediolateral stimulation experiments were done 
in four cats, and a representative map of the results from one 
animal is presented on a cross section of the medulla in Figure 
2. In this plane, the maximal excitatory response occurred in 
the midline within RO at 2500 pm (Fig. 2). In the four cats 

RP 

Figure 1. Representative map in the 
midsagittal plane of the averaged C5 
phrenic nerve responses elicited by 
electrical stimulation of the raphe ob- 
scurus and pallidus. Stimulations were 
made during inspiration at - 1 to +5 
mm from obex and at 500 pm incre- 
ments from the dorsal surface of the 
medulla. Stimulus parameters: 50 WA, 
20 Hz, and 150 psec. PT, Pyramidal 
tract; RM, raphe magnus; RO, raphe 
obscurus; RP, raphe pallidus. 

tested, the depth of the maximal delayed excitatory response 
occurred at 2500 or 3000 Km. The site of the maximal excitatory 
response in each animal was always dorsal to the inferior olive. 
The distance rostra1 from the obex, where the maximal exci- 
tatory response occurred, ranged from 2.0-2.2 mm. Evidence 
of excitation was also present at 1 and 2 mm lateral to the 
midline. At 1 mm lateral, the response was present at 3000 Km, 
whereas at 2 mm lateral, the response was present at 3500 Wm. 
Although present in these lateral tracks, the excitatory response 
was centered in the midline and was much diminished at 2 mm 
lateral to the midline. 

Electrophysiological characterizations of the averaged 
excitatory response elicited in the phrenic nerve by 
electrical stimulation of the raphe obscurus 
Following anatomical characterization of the averaged excita- 
tory response elicited by electrical stimulation of the RO, the 
averaged excitatory response was characterized electrophysio- 
logically. First, we investigated whether early and delayed ex- 
citatory responses occurred in both right and left phrenic nerves, 
and whether the responses could be elicited when stimulation 
was applied during expiration. This was done in four cats and 
representative results from one animal are presented in Figure 
3. This figure shows that early and delayed excitatory responses 
are clearly present in a single-sweep record as well as in the 
averaged record (cf. A and B, Fig. 3). The latency, form, and 
magnitude of both early and delayed responses were similar in 
the left and right C5 phrenic nerves. Both excitatory responses 
were present when electrical stimulation was applied during 
inspiration; however, only the delayed response could be elicited 
in each of the phrenic nerves when stimulation was applied 
during expiration (Fig. 3). 

Clear separation between the early and delayed excitatory 
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Figure 2. Representative map in the 
transverse plane of the averaged C5 
phrenic nerve responses elicited by 
electrical stimulation, both within and 
lateral to the raphe obscurus and pal- 
lidus. Stimulations were made during 
inspiration in the midline and at 1 and 
2 mm on each side of the midline at 
500 pm increments from the dorsal sur- 
face of the medulla. Stimulus parame- 
ters: 50 PA, 20 Hz, and 150 psec. DMV, 
Dorsal motor nucleus of the vagus; PT, \, 
pyramidal tract; RO, raphe obscums; 
RP, raphe pallidus; KS, tractus solitar- 
ius; XII, hypoglossal nucleus. 

responses in the phrenic nerves allowed for calculations of onset 
and peak latency times. Results of these calculations in 19 cats 
are presented in Table 1. The average latency-to-onset was 2.5 + 
0.1 msec for the early response and 7.0 + 0.2 msec for the 
delayed response. The peak of the early response occurred about 
1 msec (latency-to-peak of 3.6 + 0.1 msec) after its onset; this 
brief time is indicative of the sharpness of this peak. The peak 
of the delayed response occurred about 3 msec after its onset 
(a latency-to-peak of 10.2+ 0.2 msec); this longer time is in- 
dicative of the greater width of this peak compared with the 
earlier one. 

The effect of altering stimulus intensity (2.5-80 PA) and stim- 
ulus frequency (5-80 Hz) on the early and delayed excitatory 
responses was tested. These tests were performed on 10 and 9 
cats, respectively, and the results are presented in Figures 4 and 
5. Magnitudes of both the early and delayed responses increased 
with current intensity (Fig. 4). The threshold for the early re- 
sponse was approximately 5 PA, while the delayed response 
could be elicited at currents as small as 2.5 PA. The maximum 
for the early response occurred at 40-80 /IA, the delayed re- 
sponse continued to increase for currents as high as 80 MA. 
Magnitudes of the early and delayed responses were also de- 
pendent on stimulus frequency, but neither response was linear- 
ly related to stimulus frequency. The early response was max- 

imal at 5-10 Hz, reached a minimum at 40 Hz, and then began 
to increase at 80 Hz. The magnitude of the delayed response 
was linearly related to frequency up to 20 Hz, but decreased at 
40 and 80 Hz. 

Pharmacological characterization of averaged responses 
elicited in phrenic nerve by electrical stimulation 
of raphe obscurus 
In order to determine if either or both components of the ex- 
citatory response elicited in the phrenic nerve by electrical stim- 
ulation of RO was mediated by serotonin, we first tried blocking 
the response with methysergide. Methysergide was administered 
intravenously in successive doses at 5 min intervals to five cats; 
representative results from one cat are presented in Figure 6. 
Successive doses of methysergide caused a dose-related reduc- 
tion in the magnitude of the delayed response, which was es- 
sentially abolished after a dose of 0.7 mg/kg. However, following 
this, a small-amplitude, delayed response could be evoked when 
stimulus intensity was increased to 100 PA. Methysergide had 
no significant effect on the magnitude of the early response. For 
all cats tested with methysergide, the cumulative dose-response 
curve is shown in Figure 7A. One can see that only the delayed 
excitatory response is significantly affected by the drug. The 
slope of the early excitatory response curve was not significantly 
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Figure 3. Representative responses in simultaneously recorded right and left C5 phrenic nerves elicited by electrical stimulation of the raphe 
obscurus during inspiration and expiration. A, Single sweep responses; B, averaged responses. Control records are without stimulation. Stimulus 
parameters (A, B): 50 PA, 20 Hz, and 150 psec. 

different from zero. Two other serotonin receptor antagonists, 
metergoline and cinanserin, were also tested for their abilities 
to block the delayed excitatory response. Successive doses of 
metergoline were administered intravenously at 10 min inter- 
vals to five cats, and the results are shown in Figure 7B. Met- 
ergoline also caused a significant dose-related reduction in the 
magnitude of the delayed excitatory response. The slope of the 
early excitatory response did not differ significantly from zero, 
indicating that metergoline also had no dose-related effect on 
the early response. Successive doses of cinanserin were admin- 
istered at 15 min intervals to four cats, and the results are shown 
in Figure 7C. Cinanserin also caused a significant reduction 
(although much smaller) in the magnitude of the delayed re- 
sponse, but had no significant effect on the early response. 
Whereas methysergide and metergoline at high enough doses 
could abolish the delayed excitatory response evoked at 50 PA, 

Table 1. Onset and peak latency times for the averaged C5 phrenic 
nerve responses elicited by electrical stimulation of the raphe obscurus 

Latency-to-onset Latency-to-peak 
(msec) (msec) 

Early response 2.5 f 0.1 3.6 + 0.1 
(1.9-2.8) (2.8-4.6) 

Delayed response 1.0 -c 0.2 10.2 + 0.2 
(5.6-8.3) (9.0-l 1.6) 

Values are means + SEM; n = 19. Values in parentheses are ranges. Stimulus 
parameters for evoking responses were 50 PA, 20 Hz, and 150 psec. 

cinanserin only reduced the response to 85% of control. The 
maximal reduction occurred at the 6.0 mg/kg dose; larger doses 
of cinanserin did not produce any greater reductions in the 
magnitude of the delayed response. The reduction at 9.0 mg/kg 
was not significantly different from that at 6.0 mg/kg. Doses 
larger than 9.0 mg/kg were not possible, as they produced car- 
diotoxicity characterized by severe hypotension and arrhyth- 
mias, often resulting in death of the animal. 

O- 
I / I I 1 I 

2.5 5 IO 20 40 80 

STIMULUS INTENSITY (pAI 

Figure 4. Averaged C5 phrenic nerve responses elicited by electrical 
stimulation of the raphe obscurus during inspiration as a function of 
stimulus intensity. Values are means ? SEM; n = 10 cats at each point. 
Stimulus parameters: 20 Hz, 150 psec. Early response, open circles; 
delayed response, jilled circles. 
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Figure 5. Averaged C5 ‘phrenic nerve responses elicited by electrical 
stimulation of the raphe obscurus during inspiration as a function of 
stimulus frequency. Values are means k SEM; n = nine cats at each 
point. Stimulus parameters: 50 WA, 150 psec. Early response, open cir- 
cles; delayed response, filled circles. 

Discussion 
The results of the present study indicate that inspiratory phase 
stimulation of RO and RP produces short-latency responses in 
the phrenic nerves. The responses in the RO were excitatory, 
while a mixture of inhibitory and excitatory responses of smaller 
magnitude were observed in the RP. The maximal response 
obtained was from the ventral part of RO; it consisted of early 
and delayed excitatory responses that were of equal magnitude 
in both the left and right C5 phrenic nerve roots. This response 
appears to be similar to the one reported by Pitts (1943) with 
eleCtrica stimulation in the midline. 

Several findings indicate that the early and delayed responses 
are mediated, at least in part, by different neuronal pathways. 
Evidence for this includes (1) the different onset latencies of the 
responses; (2) different current and frequency response relation- 
ships; (3) presence of the delayed response, but not the early 
response, during expiratory-phase stimulation; and (4) reduc- 
tion in magnitude of the delayed but not the early response by 
serotonin receptor antagonists. 

The early response probably results from stimulation of bul- 
bospinal inspiratory axons that cross the midline in this part of 
the RO before proceeding to the spinal cord, where they mono- 
synaptically excite phrenic motoneurons (Lipski et al., 1983). 
This conclusion is supported by both neurophysiological and 
neuroanatomical evidence. First, the mean latency-to-onset of 
2.5 2 0.1 msec and mean latency-to-peak of 3.6 & 0.1 msec for 
this response are consistent with direct stimulation of inspira- 
tory bulbospinal axons. Mean axonal conduction velocity of 
inspiratory bulbospinal axons is approximately 55 m/set (Dick 
and Berger, 198 5). Mean axonal conduction velocity of phrenic 
motoneuronal axons is also approximately 55 m/set (Berger, 
1979). These values lead to a calculated mean axonal conduction 
time of about 1.7 msec for the 95 mm distance between the 
point of stimulation in the RO and the phrenic nerve recording 
site. If a utilization time of 0.25 msec (see Dick and Berger, 
1985) for generation of the descending volley, a chemical syn- 
aptic delay of 0.5 msec (Eccles, 1968) and a delay of 0.3 msec 
to initiate the phrenic motoneuron axonal spike from the start 
of the EPSP are included (see Berry and Pentreath, 1976), then 
the observed latency-to-onset and latency-to-peak of the early 
phrenic response are consistent with direct activation of inspi- 
ratory bulbospinal axons. Second, decussating axons from bul- 
bospinal inspiratory neurons have been identified in the mid- 
line, where we stimulated and produced the early response in 
the phrenic nerves. Berger et al. (1984) made intracellular in- 

Control 

0. I mg/kg 

0.3 mg/kg 

05 mg/kg Jh 

0.6 mg/kg lL 

A 
I I i 

Stimulus 20 ms 

Figure 6. Representative cumulative dose-response of the effects of 
intravenous methysergide on averaged C5 phrenic nerve responses elic- 
ited by electrical stimulation of the raphe obscurus during inspiration. 
Stimulus parameters: 50 PA, 20 Hz, and 150 psec. 

jections of HRP into inspiratory neurons in ventrolateral nu- 
cleus tractus solitarius, the dorsal respiratory group. They found 
that axons of these inspiratory neurons coursed ventrally and 
then followed the midline before decussating (and likely pro- 
jecting to the spinal cord). Merrill (1974) found that stimulation 
in the midline, just rostra1 to the obex, resulted in antidromic 
activation of inspiratory neurons. Furthermore, midsagittal le- 
sions just rostra1 to the obex abolished inspiratory spinal mo- 
toneuronal activity (Bainton et al., 1978). The presence of an 
early response following stimulation lateral to the midline is 
also consistent with the intramedullary projection of inspiratory 
bulbospinal axons (Berger et al., 1984; Merrill, 1974). All of the 
above findings, taken together, support our conclusion that the 
early response in the phrenic nerve observed in the present study 
arises from electrical stimulation of descending inspiratory bul- 
bospinal axons. 

The delayed response in the phrenic nerves elicited by stim- 
ulation of RO is of greater interest. Whereas the early response 
is most likely caused by stimulation of axons of passage, the 
delayed response probably results from activation of cell bodies 
of RO. This conclusion is supported by previous findings of 
Holtman et al. (1986). These investigators used L-glutamate to 
activate cell bodies from a part of the RO similar to that ex- 
amined in the present study. Microinjection of L-glutamate re- 



1191 The Journal of Neuroscience Serotonin-Mediated Excitation of Phrenic Motoneurons 

140 

I 

A. Methysergide - B. Metergoline - C. Cinanserin 

I20 
, / 

d 100 
1 -11 

iI - 

F /I 
- r----.*/Y 

$ 80- 

-1, 

P 
s=iT6-6 2-L 

I. 
2 60-f 

2 
2 40- 

\ 

_ *\r 

\ 

1 

\ 

I 

\ 
20- 

I’?, 
I 

f- 
O- 

-9 
I I I I I 1 I I 1 I I I 

0.1 0.2 0.4 0.8 0.033 0.066 0.122 0.244 1.5 3.0 6.0 12.0 

DOSE (mg/kg) 

Figure 7. Cumulative dose-response curves of the effects of serotonin antagonists on averaged CS phrenic nerve responses elicited by electrical 
stimulation of the raphe obscurus during inspiration. A, Methysergide; B, metergoline; C, cinanserin. Stimulus parameters: 50 PA, 20 Hz, and 150 
rsec. Early response, open circles; delayed response, filled circles. Values are means k SEM; n = three to five cats at each point. 

sulted in an increase in overall phrenic nerve activity, which is 
consistent with the delayed excitatory response observed in the 
present study. Our pharmacological data also suggest that ac- 
tivation of cell bodies in RO is responsible for the delayed 
response in the phrenic nerve. Serotonin is found primarily in 
cell bodies of raphe nuclei, and is thought to be a neurotrans- 
mitter used by these neurons (DahlstrGm and Fuxe, 1964; Poi- 
tras and Parent, 1978; Wiklund et al., 198 1). Therefore, acti- 
vation of cell bodies of RO would be expected to release serotonin 
and activate serotonin receptors. All three serotonin receptor 
antagonists used in this study caused inhibition of the delayed 
response, strongly suggesting that activation of serotonergic cell 
bodies of RO is responsible for at least part of the delayed 
response. The presence of the delayed response to stimulation 
lateral to midline may be due to activation of neural processes 
arising from RO cell bodies that enter the reticular formation 
(Fox et al., 1976). 

Our pharmacological data indicate that a serotonergic synapse 
is involved in mediating the delayed response. Methysergide, 
metergoline, and cinanserin are selective and competitive sero- 
tonin receptor antagonists (Leysen et al., 1982; Peroutka et al., 
198 1) that have been shown to block the facilitatory actions of 
serotonin (McCall, 1984; McCall and Aghajanian, 1980). How- 
ever, some caution must be used in drawing conclusions about 
actions of drugs in the CNS following their systemic adminis- 
tration. Drugs may have actions at several sites, which will all 
contribute to a net final effect. Although a serotonergic pathway 
is involved in the delayed response, it is difficult to determine 
conclusively from our data whether the delayed response is 
mediated by a monosynaptic projection directly onto phrenic 
motoneurons or by projections to other respiratory nuclei that 
then project to phrenic motoneurons. 

Evidence that the delayed response is mediated to some extent 
by a direct monosynaptic serotonergic projection onto phrenic 
motoneurons is found in both neuroanatomical and physiolog- 
ical studies. The RO has been shown to send serotonergic pro- 
jections via the ventral and ventrolateral funiculi to the ventral 
horn of the spinal cord (Basbaum and Fields, 1979; DahlstrSm 
and Fuxe, 1965; Martin et al., 1978). These projections ter- 
minate in the area of the PMN (Holtman et al., 1984a). In 
addition, serotonergic nerve terminals are found surrounding 
motoneurons in the spinal cord (Dahlstr6m and Fuxe, 1965; 

Steinbusch et al., 1978), including phrenic motoneurons (Holt- 
man et al., 1984b). Furthermore, serotonin has been shown to 
facilitate motoneuron excitability in the spinal cord (Myslinski 
and Anderson, 1978; White and Neuman, 1980). 

The delayed excitatory response may also be mediated by 
activation of medullary respiratory nuclei, which then project 
to and excite phrenic motoneurons. Again, there is both neu- 
roanatomical and neurophysiological evidence supporting this 
possibility. Serotonin nerve terminals have been found in the 
nuclei of the tractus solitarius (Maley and Elde, 1982), which 
contains the dorsal respiratory group neurons, and in the area 
of the nucleus ambiguus (Steinbusch, 198 l), which constitutes 
part of the ventral respiratory group. Neurons from both ofthese 
areas project to and excite phrenic motoneurons (Lipski et al., 
1983; Merrill, 1974). Furthermore, serotonin has been shown 
to cause an increase in the firing rate of inspiratory neurons in 
the dorsal respiratory group (Sessle and Henry, 1985). Addi- 
tional evidence indicating that the delayed response is mediated 
through medullary respiratory nuclei comes from findings in the 
present study. The onset latency of 7.0 msec for the delayed 
response is not ccnsistent with what would be expected of a 
monosynaptic serotonergic spinal cord projection. A conduction 
velocity of about 10 m/set for a raphe-spinal monosynaptic 
pathway is predicted by this onset latency. Serotonergic axons 
in the spinal cord are both unmyelinated and finely myelinated, 
and have been shown to have diameters averaging about 1 pm 
(Dahlstram and Fuxe, 1965; Ruda and Gobel, 1980). This pre- 
dicted conduction velocity of 10 m/set is too fast for these small- 
diameter axons of the raphe-spinal serotonergic pathway (Wes- 
sendorfet al., 198 1). Although the onset latency is too short to 
explain a serotonergic raphespinal pathway, it could explain a 
slowly conducting serotonergic pathway via the dorsal and/or 
ventral respiratory group neurons, which then project by rapidly 
conducting medullary inspiratory axons to the PMN. The dis- 
tance from RO to the dorsal or ventral respiratory groups is 
approximately 3.5 mm (Berman, 1968). The latency between 
these nuclei would be 3.5 msec, assuming a pathway with con- 
duction velocity of 1 m/set. Using this latency, we predict that 
the overall onset latency would be approximately 7.0 msec for 
the disynaptic pathway between RO and the PMN. This is con- 
sistent with the experimentally determined onset latency of the 
delayed response observed in the present study. 
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The delayed response may not be totally mediated by release 
of serotonin. This conclusion is based on two findings. First, 
the blockade of the delayed response by serotonin antagonists 
could be partially reversed by increasing current intensity. Sec- 
ond, cinanserin, which has been shown in other studies to be 
effective in antagonizing the facilitatory effects of serotonin 
(McCall, 1984; McCall and Aghajanian, 1980), was able to block 
only a small portion of the delayed excitatory response. These 
data suggest that other neurotransmitters may mediate a portion 
of the delayed response. Other putative neurotransmitters, such 
as substance P, thyrotropin-releasing hormone, and met-enke- 
phalin, have been identified in cell bodies of RO (Hokfelt et 
al., 1978; Hunt and Lovick, 1982; Johansson et al., 198 1; Lovick 
and Hunt, 1983). 

In conclusion, we have found in this study the presence of 
a serotonergic pathway, probably arising from cell bodies within 
RO and mediating an excitation of phrenic motoneurons. To 
the best of our knowledge, this constitutes the first demonstra- 
tion of a specific respiratory motor response associated with a 
specific neurotransmitter and a brain stem nucleus. 
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