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Abstract 

Retrograde tracing with a fluorescent dye (Fast Blue) combined with immunohistochemistry was 
used to identify putative neurotransmitter(s) at the phrenic motor nucleus in the cat. Fast Blue was 
injected bilaterally into the diaphragm of five cats, where each phrenic nerve enters the muscle. 
Seven days later the animals were perfusion fixed and tissue sections from the fourth, fifth, and 
sixth cervical spinal cord segments were analyzed using a fluorescence microscope. Retrogradely 
labeled fluorescent phrenic motor neuron cell bodies appeared in all of the segments but primarily 
in sections from the fifth segment. The same or adjacent transverse sections were then used for the 
demonstration of the distribution of the neurotransmitters 5-hydroxytryptamine (5HT), substance 
P, and thyrotropin-releasing hormone (TRH) in the area of the phrenic motor nucleus using the 
indirect immunofluorescence technique. The most conspicuous neurotransmitters found at the 
phrenic motor nucleus were 5-HT and substance P. We observed dense and diffuse fiber networks 
throughout the ventral horn which contains the phrenic motor nucleus. These fibers contained 
varicosities in close proximity to phrenic motor neurons. In addition to 5-HT- and substance P- 
containing nerve endings, some fibers containing TRH were also found in the area of the phrenic 
motor nucleus. These results are consistent with earlier physiological data suggesting that 5-HT, 
substance P, and TRH are important neurotransmitters and/or neuromodulators involved in central 
control of respiration. 

Our knowledge of central respiratory neurons is exten- 
sive with regard to their anatomical localization and their 
electrophysiological properties (Cohen, 1979; Mitchell 
and Berger, 1981). However, very little is known about 
the neurotransmitters of these neurons. One approach 
commonly used to obtain information about this point 
has been to inject a putative CNS neurotransmitter, an 
agonist or antagonist of the neurotransmitter or a pre- 
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cursor of the neurotransmitter into the brain, usually 
into the ventricular system, while monitoring some in- 
dices of respiratory activity. Using this approach, various 
neurotransmitters or putative neurotransmitters such as 
acetylcholine (Brimblecombe, 1977), the monoamines 
(Armijo et al., 1979; Lundberg et al., 1979; Mueller et al., 
1980; Hedner et al., 1982), several amino acids (Sgaragli 
and Pavan, 1972; Yamada et al., 1981; Holtman et al., 
1982, 1983b), and several neuropeptides (Yamamoto et 
al., 1981; Hedner et al., 1982; Gillis et al., 1983; Holtman 
et al., 1983a, b, c) have been shown to cause CNS- 
mediated changes in respiratory activity. Although these 
studies clearly show that endogenously occurring sub- 
stances with suspected neurotransmitter or neuromodu- 
lator functions will affect respiration when injected into 
the CNS, little information has been obtained to localize 
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the effect to any particular “respiratory center” or to 
involve the effect with any particular neuropathway. 

A more promising approach to the study of neurotrans- 
mitters involved in the central control of respiration 
comes from investigations of the ventral surface of the 
medulla where drugs that antagonize the actions of 
known neurotransmitters were used. At this site, atro- 
pine and bicuculline were shown to depress and stimulate 
respiration, respectively (Dev and Loeschcke, 1979; Ya- 
mada et al., 1982). These data provided evidence for the 
presence of a tonic cholinergic and GABAergic system 
at the ventral surface of the medulla. Even this approach 
to studying neurotransmitters involved in central respi- 
ratory control is limited since the ventral surface of the 
medulla does not represent a defined anatomical sub- 
strate (i.e, nuclear group). 

Because of the inherent limitations in previous ap- 
proaches to studying the central neurotransmitters in- 
volved in controlling respiratory activity, we have used 
the technique of immunohistochemistry combined with 
retrograde tracing to determine which putative neuro- 
transmitter(s) is(are) present at a defined anatomical 
substrate that represents the final outflow of respiratory 
activity to the periphery. Specifically, we have employed 
these techniques to determine the neurotransmitters at 
the phrenic motor nucleus in the cervical spinal cord of 
the cat. 

Materials and Methods 

Retrograde dye tracing procedure. Cats of either sex (2 
to 4 kg) were anesthetized with ketamine (35 mg/kg, 
i.m.). The inferior (i.e., abdominal) surface of the dia- 
phragm was exposed by making a midline incision in the 
abdomen and retracting the abdominal wall and the liver. 
The retrograde fluorescent dye, Fast Blue (Bentivoglio 
et al., 1980) (5% aqueous solution) was injected bilater- 
ally into the area where each phrenic nerve enters the 
muscle. Five to ten injections of 10 ~1 were made on each 
side of the diaphragm using a Hamilton syringe. Animals 
were treated postoperatively with ampicillin (500 mg, 
i.m.) to protect them against bacterial infection. 

Following a 7-day survival time to allow for retrograde 
transport of the dye, each animal was prepared for tran- 
scardiac perfusion. For this procedure, each cat was 
anesthetized with sodium pentobarbital (50 mg/kg, i.p.). 
The trachea was cannulated and the animal was artifi- 
cially ventilated using room air. The chest was opened 
and a cannula was inserted transcardially into the aorta 
and secured by placing a ligature around the aorta. 
Initially, saline (0.9% NaCl) was run through the cannula 
by gravity feed for 5 min. This was followed by perfusion 
with 4% ice-cold paraformaldehyde in 0.1 M phosphate 
buffer (pH 7.4) for 30 min. The spinal cord was then 
removed and immersed in the same fixative for 90 min. 
Next, the spinal cord was rinsed for 24 hr in 0.1 M 

phosphate buffer with 5% sucrose (pH 7.4). Sections of 
the spinal cord from the fourth, fifth, and sixth segments 
(C4-6) were then frozen and cut on a cryostat at -20°C 
(section thickness of 10 to 14 pm). The sections were 
analyzed in a fluorescence microscope to visualize and 
photograph the retrogradely labeled phrenic motor neu- 

ron cell bodies containing Fast Blue. Photographs of dye 
containing phrenic motor neuron cell bodies were ob- 
tained using a Zeiss fluorescence microscope equipped 
for transmitting fluorescence with Schott UC1 and Zeiss 
41 primary and secondary filters, respectively. Most sec- 
tions were viewed and photographed unmounted, but 
some sections were mounted in xylene for the purpose of 
improving clarity of the labeled cells. 

Immunohistochemistry procedure. After the Fast Blue- 
labeled phrenic motor neurons were photographed in a 
transverse section, the same or an adjacent transverse 
section was processed using the indirect immunofluores- 
cence procedure of Coons (1958), as described in detail 
by Hokfelt et al. (1973). Sections were incubated with 
antisera to 5-hydroxytryptamine (5-HT) (1:400), sub- 
stance P (l:200), and thyrotropin-releasing hormone 
(TRH) (1:200). Incubation took place in a humid atmos- 
phere at 4°C for 24 hr, following which the sections were 
rinsed in 0.1 M phosphate-buffered saline (PBS) (pH 7.4) 
and incubated with rhodamine-conjugated sheep anti- 
rabbit or anti-rat (for substance P) antibodies at 37°C 
for 30 min. Sections were subsequently rinsed in PBS 
and mounted on slides using a mixture of glycerin and 
PBS (3:l). A Zeiss fluorescence microscope equipped for 
epifluorescence and filters to visualize rhodamine-in- 
duced fluorescence (Schott BP 546 and LP 590) were 
used to view the immunostain. All photographs were 
taken using Kodak High-speed 160 tungsten color film. 

Control experiments were carried out as follows. The 
antisera adsorbed with an excess of the respective im- 
munogen (50 pg/ml of antiserum diluted 1:lO; 2 to 4 hr 
at room temperature during continuous shaking or 12 to 
24 hr at 4°C) served as control sera. Furthermore, the 
antisera were analyzed with regard to cross-reactivity to 
the antigens studied; i.e., the 5-HT antiserum was ad- 
sorbed with an excess of TRH or substance P (as above), 
the TRH antiserum was adsorbed with an excess of 
substance P or 5-HT (as above), and the substance P 
antiserum was adsorbed with an excess of TRH or 5-HT 
(as above). 

The antisera used in these experiments were obtained 
from the following sources: rabbit antiserum to 5-HT 
was purchased from Immunonuclear Corp., Stillwater 
MN; a monoclonal antiserum to synthetic substance P 
was generously supplied by Dr. C. Cue110 (see Cue110 et 
al., 1979); rabbit antiserum to synthetic TRH was sup- 
plied by Dr. T. J. Visser (see Visser et al., 1977; Visser 
and Klootwijk, 1981). 

Drugs and chemicals. The drugs and chemicals used in 
these experiments were obtained from the following 
sources: ketamine hydrochloride (Parke-Davis, Morris 
Plains, NJ), pentobarbital sodium (Abbott Laboratories, 
Chicago, IL), and ampicillin (Bristol Laboratory, Syra- 
cuse, NY). Fast Blue, a diamidino compound of True 
Blue (trans-1,2-bis-(5-amidino-2-benzofuranyl)-ethyl-2- 
hydrochloride) was purchased from Dr. Illing, K.G. Mak- 
romolekulare Chemie, Grob-Umstadt, FRG. The source 
of 5-hydroxytryptamine was Sigma Chemical Co. (St. 
Louis, MO). Substance P and thyrotropin-releasing hor- 
mone were obtained from Peninsula Laboratories (Bel- 
mont, CA). 
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Results PMS 
In order to identify the neurotransmitter(s) at the 

phrenic motor nucleus, it was necessary to locate the 
phrenic motor neuron cell bodies in the spinal cord. This 
was done by injecting Fast Blue bilaterally into the 
diaphragm of the cat at the site where each phrenic nerve 
enters the muscle. This procedure was performed in five 
cats, and the location of injection sites from one animal 
is shown in Figure 1. 

Following the intradiaphragmatic injections indicated 
in this figure, the phrenic motor nucleus cell bodies 
labeled with Fast Blue were found within the most ven- 
tral portion of the anterior horn of the gray matter in 
the fourth, fifth, and sixth segments of the cervical 
portion of the spinal cord. Most of the cell bodies were 
found within the fifth cervical spinal cord segment and 
were located approximately 3.5 mm below the dorsal cord 
surface and 0.9 mm lateral to the posterior median sulcus 
(Fig. 1). This location of the phrenic motor nucleus in 
the cat is in agreement with the findings of other inves- 
tigators using nerve degeneration techniques (Keswani 
et al., 1954; Sterling and Kuypers, 1967) and retrograde 
tracing with horseradish peroxidase (Webber et al., 1979; 
Rikard-Bell and Bystrzycka, 1980). 

The cell bodies were easily identified in the transverse 
sections (Figs. 2A, 3A, and 4A) and ranged in size and 
shape from fusiform (about 25 pm) to spherical (about 
30 pm). This agrees with the morphology of these cells 
as described by Webber and colleagues (1979) and Ri- 
kard-Bell and Bystrzycka (1980), using horseradish per- 
oxidase to retrogradely label phrenic motor neurons. The 
cells appeared multipolar with processes arising from the 
cell bodies. 

The same or adjacent transverse spinal cord sections 
containing the retrogradely labeled Fast Blue cell bodies 
were then used for observing the distribution of immu- 
noreactivity in the phrenic motor nucleus. The most 
conspicuous neurotransmitter found at the phrenic mo- 
tor nucleus was 5-HT. We observed a dense but diffuse 
fiber network throughout the area containing the phrenic 
motor nucleus (Fig. 2B). These fibers can be seen to 
contain varicosities and are in close proximity to phrenic 
motoneuron cell bodies. However, it was not possible to 
recognize fluorescent varicosities in immediate contact 
with the phrenic motoneurons. 

Substance P and TRH immunoreactivity were also 
observed in the area of the phrenic motor nucleus (Figs. 
3B and 4B). Substance P-immunoreactive fibers were 
almost as numerous as 5-HT-immunoreactive ones (cf. 
Figs. 3B and 2B) and exhibited a similar pattern of 
distribution within the nucleus. Immunoreactive fibers 
for TRH were less numerous than those for either 5-HT 
or substance P and appeared to be more restricted to the 
phrenic motor neuron cell bodies (cf. Fig. 4B with Figs. 
2B and 3B). 

None of the immunoreactive structures described 
above could be observed after incubation with the re- 
spective control serum. Furthermore, the cross-reactivity 
experiments revealed that adsorption of the 5-HT anti- 
serum with TRH or substance P, of the TRH antiserum 
with substance P or 5-HT, and of the substance P 
antiserum with TRH or 5-HT in no way influenced the 
intensity or the distribution of fluorescent structures. 

Figure 1. Location of retGadely labeled phrenic motor 
neuron cell bodies in the cervical spinal cord following bilateral 
injection of Fast Blue into the diaphragm of the cat. Top, Line 
drawing of a tranverse section from the fifth cervical segment 
of the spinal cord. Phrenic motor neuron cell bodies labeled 
with Fast Blue were localized in the ventral portion of the 
anterior horn. Bottom, Line drawing of the abdominal surface 
of the diaphragm. Bilateral injections (stars) of Fast Blue were 
made in the area where the phrenic nerve enters the muscle. 
AH, anterior horn; AMS, anterior median sulcus; E, esophagus; 
IVC, inferior vena cava; L2, second lumbar vertebra; P, phrenic 
nerve; PH, posterior horn; PMN, phrenic motor nucleus; PMS, 
posterior median sulcus; VRZ; ventral root zone. 

Discussion 

The purpose of our study was to use the techniques of 
immunohistochemistry combined with retrograde trac- 
ing to determine the putative neurotransmitter(s) pres- 
ent at the phrenic motor nucleus. Our data indicate that 
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Figure 2. Fluor ‘escence (A) and immunofluc 3rescence (B) n 
the fifth cervical segment of the spinal cord after injection 
antiserum. A and B represent adjacent 14-pm sections. A, Fll 
labeled with Fast Blue. B, Immunofluorescenl ; (yellow) fibers 
present in the SUI *rounding neuropil. The arro, wheads identify 

nicrog 
of Fast-Blue into the diaphragm and after incubation with 5-HT 

uorescent (icy-white) phrenic motor neuron cell bodies retrogradely 
i containing 5-HT around the phrenic motor neuron cell bodies and 
the same phrenic motor neurons in each micrograph. Bar = 32 grn. 

5HT, substance P, and TRH are all present at this 
nucleus. Indeed, dense fiber networks containing each of 
these substances were observed surrounding retrogradely 
labeled cell bodies of the phrenic motor nucleus. These 
fiber networks contained varicosities suggestive of a neu- 
rotransmitter and/or neuromodulator role for 5-HT, sub- 
stance P, and TRH in respiration. 

The finding that 5-HT, substance P, and TRH were 
present at the phrenic motor nucleus is not surprising. 
Originally, 5HT-containing fibers were demonstrated in 
the spinal cord with formaldehyde-induced fluorescence 
(Dahlstrom and Fuxe, 1965), and these findings were 
recently confirmed using immunohistochemistry and 
antisera to 5-HT (Steinbusch et al., 1978; Hokfelt et al., 
1978). Subsequently, several investigators have reported 
that all three substances exist in the ventral horn of the 
rat spinal cord (Hokfelt et al., 1975a, b, 1978, Johansson 
et al., 1981; Gilbert et al., 1982). In fact, fibers containing 
5-HT, substance P, and TRH have been described as 
surrounding somatic motor neurons in the cervical, tho- 
racic, and lumbar cord (Hokfelt et al., 1978; Johansson 
et al., 1981; Gilbert et al., 1982). However, the presence 
of all three of these has not been related to specific motor 
outflow. Based on our findings, we suggest that 5-HT, 

substance P, and TRH may be important for the control 
of motor outflow to the diaphragm. 

The origin of the immunoreactive fibers in the phrenic 
nucleus was not examined in this study. However, data 
obtained by other investigators and data of our own 
suggest a supraspinal site. Regarding the origin of 5-HT 
in the ventral horn of the spinal cord, Dahlstrom and 
Fuxe (1965) have shown with histofluorescence tech- 
niques that the medullary raphe nuclei are the main 
source of 5-HT cell bodies in the brain. Specifically, 
fibers of 5-HT neurons of the raphe pallidus and obscurus 
descend in the ventral and ventral lateral funiculi to 
innervate the ventral horn of the spinal cord in the cat 
(Martin et al., 1978; Basbaum and Fields, 1979; Bjork- 
lund and Skagerberg, 1982). 

Hokfelt and colleagues (1978) and Johansson and co- 
workers (1981), who used immunohistochemical tech- 
niques, and Gilbert and colleagues (1982), who used both 
immunohistochemical and biochemical methods, have 
demonstrated the coexistence of either substance P or 
TRH or both substance P and TRH in 5-HT neurons 
descending to the ventral horn of the cervical spinal cord 
in the rat. Immunohistochemical staining for 5-HT, sub- 
stance P, and TRH showed that all three substances had 
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Figure 3. Fluorescence (A) and immunofluroescence (B) micrographs of the phrenic motor nucleus in a transverse section of 
the fifth cervical segment of the spinal cord after injection of Fast Blue into the diaphragm and after incubation with substance 
P antiserum. A and B represent adjacent 14-pm sections. A, Fluorescent phrenic motor neuron cell bodies retrogradely labeled 
with Fast Blue. B, Immunofluorescent fibers containing substance P around the phrenic motor neurons and in the surrounding 
neuropil. The arrowheads identify the same phrenic motor neuron cell bodies in each micrograph. Bar = 52 pm. 

a similar distribution in the ventral horn of the cervical 
cord. After treatment with 5,7-dihydroxytryptamine, 
neuronal elements containing 5-HT and TRH degener- 
ated and disappeared from this part of the spinal cord in 
parallel with one another. Biochemical measurements of 
5-HT, substance P, and TRH in the spinal cord after 
treatment with 5,7-dihydroxytryptamine confirmed that 
these three substances were depleted from the ventral 
horn of the cervical cord. These results are consistent 
with the conclusion that 5-HT and one or both of these 
peptides in the ventral horn of the cervical spinal cord 
originate from the same neuron, specifically from de- 
scending 5-HT bulbospinal nerve fibers. However, it 
should be noted that not all of the substance P and TRH 
disappeared following treatment with the serotonin neu- 
rotoxin. The lack of a complete disappearance of sub- 
stance P and TRH in the ventral horn of the cervical 
spinal cord following treatment with the 5-HT neuro- 
toxin may indicate that the treatment has not been fully 
effective and/or that these peptides may also be present 
in some neurons without 5-HT. 

Our data obtained by injecting the retrogradely trans- 
ported fluorescent dye, propidium iodide (Kuypers et al., 
1979), into the phrenic motor nucleus of the cat agree 
with the above findings. We found propidium iodide- 
retrogradely labeled cell bodies in the nucleus raphe 

pallidus and obscurus (Holtman et al., 1983c). In addi- 
tion, using immunohistochemical techniques, we have 
recently demonstrated that ceil bodies in the raphe pal- 
lidus contain 5-HT, substance P, and TRH and that 
some of these cells contain 5-HT and one or both of 
these peptides (J. R. Holtman, Jr., unpublished data). 
Furthermore, in a parallel study to the present one in 
the cat, it has been established by combined retrograde 
tracing and immunohistochemistry that 5-HT, substance 
P, and TRH coexist in descending bulbospinal systems 
(T. HGkfelt, manuscript in preparation). 

Other sites that should be considered as the origin of 
the immunoreactive fibers in the phrenic motor nucleus 
are the supraspinal inputs to this nucleus as described 
by earlier neurophysiological studies. These consist of 
the ventrolateral nucleus of the tractus solitarii (von 
Euler et al., 1973), the nucleus retroambigualis (Merrill, 
1974), and the nucleus interfascicularis hypoglossi 
(Loewy and McKellar, 1981). The first two sites refer to 
the dorsal respiratory group and ventral respiratory 
group of neurons, respectively (Mitchell, 1977). The third 
site corresponds to Loeschcke’s area on the ventral sur- 
face of the medulla in the cat (Loeschcke et al., 1970). It 
is clear from recent data published in the cat that there 
are no serotonergic cell bodies in the dorsal respiratory 
group of neurons (Wiklund et al., 1981; Maley and Elde, 
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Figure 4. Fluorescence (A) and immunofluorescence (B) micrographs of the phrenic motor nucleus in a transverse section of 
the fifth cervical segment of the spinal cord after injection of Fast Blue into the diaphragm and after incubation with TRH 
antiserum. A and B represent adjacent 14-pm sections. A, Fluorescent phrenic motor neuron cell bodies retrogradely labeled with 
Fast Blue. B, Immunofluorescent fibers containing TRH around the phrenic motor neuron cell bodies and present in the 
surrounding neuropil. The arrowheads identify the same phrenic motor neurons in each micrograph. Bar = 52 pm. 

1982) and few, if any, in the ventral respiratory group of 
neurons (Maley and Elde, 1982). Data obtained from the 
rat indicate that cells of the nucleus interfascicularis 
hypoglossi do contain all three substances (Johansson et 
al., 1981). However, these cells do not appear to send 
projections to the phrenic motor nucleus as pretreatment 
of rats with 5,7-dihydroxytryptamine does not prevent 
labeling of the phrenic nucleus with tritiated amino acids 
after microinjection into the nucleus interfascicularis 
hypoglossi (A. D. Loewy, personal communication). In 
addition, no cell bodies were labeled with propidium 
iodide in this nucleus following iontophoresis of this dye 
into the phrenic motor nucleus (Holtman et al., 1983c). 

The presence of 5-HT, substance P, and TRH at the 
final output site from the CNS to the diaphragm raises 
the question as to what role these substances have at the 
phrenic motor nucleus in the control of breathing. To 
our knowledge no data exist on the effect of iontophoresis 
of any of these substances on the excitability of phrenic 
motor neurons. However, there are data describing the 
effects of 5-HT, substance P, and TRH on the excitabil- 
ity of other motor neurons in the spinal cord. Each of 
these substances has been shown to increase motoneuron 
excitability in the spinal cord (Myslinski and Anderson, 
1977; Cooper and Boyer, 1978; Nicoll, 1978; Barbeau and 
Bedard, 1979, 1981a, b; White and Neuman, 1980; and 

Matsumiya, 1981; Ono and Fukuda, 1982). The increase 
in excitability was characteristically similar for all three 
substances. That is, the increase was manifested by 
either an increase in the amplitude of an electrically 
evoked ventral root motor neuron potential or a poten- 
tiation of glutamate-evoked motor neuron activity. 
Rarely was there any evidence that 5-HT, substance P, 
or TRH produced direct excitation of motor neurons as 
was characteristically observed with glutamate. These 
results suggest that 5-HT, substance P, and TRH may 
act as neuromodulators which enhance the effects of 
excitatory inputs to motor neurons. An excitatory action 
of these substances on phrenic motor neurons fits with 
at least some of the reported effects of these agents on 
respiratory activity. For example, central administration 
of 5-HT or 5-hydroxytryptophan causes respiratory stim- 
ulation (Eldridge et al., 1979; Millhorn et al., 1982). In 
addition, central administration of substance P and TRH 
have been reported to cause enhancement of respiratory 
activity (Yamamoto et al., 1981; Hedner et al., 1981). 
Finally, our preliminary data obtained with electrical 
stimulation of raphe pallidus in the cat indicate that an 
increase in the activity of these neurons results in an 
increase in phrenic nerve activity (Dretchen et al., 1983). 
It is possible that the respiratory effects of these sub- 
stances and raphe stimulation are a manifestation of a 
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neuromodulator function which results in enhancement 
of the effects of excitatory inputs on phrenic motor 
neurons. 

In summary, our data indicate that fiber networks 
containing 5-HT, substance P, and TRH surround retro- 
gradely labeled cell bodies of the phrenic motor nucleus 
of the cat. The origin of these fibers is probably the 
nucleus raphe pallidus and obscures, and it is very likely 
that all three substances are contained in many of the 
same neurons. The role of this raphe-spinal projection 
may be to regulate the excitability of phrenic motor 
neurons to the effects of excitatory inputs from medul- 
lary respiratory centers. 
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