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Summary. In mammals, it has long been considered 
that the bulbo-spinal inspiratory drive provided a 
direct (monosynaptic) excitation of phrenic moto- 
neurones (Phr Mns). Although such connections 
have been demonstrated, recent indirect data strong- 
ly suggested that the main inspiratory drive is poly- 
synaptic. We tried to directly demonstrate relay 
respiratory interneurones at the C3-C6 spinal cord 
level where the Phr Mn pool is located. The experi- 
ments were performed on decorticate, unanaesthe- 
tized, bilaterally vagotomized and curarized rabbits 
and the firing pattern of spinal interneurones was 
compared to the phrenic bursting. Dorsally and 
dorso-medially to the Phr Mn pool, different classes 
of inspiratory (54%) and expiratory (46%) inter- 
neurones could be identified in the ventral horn. 
Three classes ofinspiratory interneurones were char- 
acterized and classified as "I all" (26%), "I late" 
(43%.) and "I tonic" (29%) according to the termi- 
nology used by other authors for the bulbospinal 
inspiratory neurones which drive the spinal respi- 
ratory motoneurones. The expiratory interneurones 
could also be divided into 3 classes: "E all" (48%), 
"E late" (10%) and "E tonic" (41%). This first 
direct evidence of inspiratory interneurones at the 
C3-C6 spinal cord levels can account for the major 
polysynaptic excitation of the Phr Mns while the 
presence of numerous expiratory interneurones at 
this level suggests a polysynaptic bulbo-spinal in- 
hibitory action onto the Phr Mns. These classes of 
inspiratory and expiratory interneurones did not 
always coincide with the bulbo-spinal classes of 
neurones described elsewhere. Unless these discre- 
pancies are due to the different experimental condi- 
tions, they may indicate that some of these inter- 
neurones are not just relay target cells and they 
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suggest that they might behave as integrative 
operators between the medullary drive and the 
Phr Mns. 
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Introduction 

The central respiratory drive to phrenic and inter- 
costal motoneurones is provided by bulbo-spinal 
neurone activation from the "dorsal respiratory 
group" (DRG) in the ventrolateral part of the 
nucleus tractus solitarius and from the "ventral 
respiratory group" (VRG) which includes nucleus 
ambigus (NA), retroambigus (NRA) and the 
B6tzinger nucleus. Whereas the inspiratory bulbo- 
spinal drive originates from both DRG and VRG 
(Nakayama and von Baumgarten 1964; Bianchi 
1971), the expiratory drive emerges from the VRG 
(Feldman et al. 1985; Merrill and Lipski 1987). 
These results obtained in the cat somewhat differ 
from those in the rabbit: Jiang et al. (1987) thus 
claim that both the inspiratory and the expiratory 
drives originate from the DRG. 

More recently, interest has been focused on the 
spinal target of these command neurones. Based on 
electrophysiological and/or anatomical studies, in- 
spiratory bulbo-spinal neurones from the DRG were 
shown to connect monosynaptically with phrenic 
motoneurones, Phr Mns (Cohen et al. 1974; Hilaire 
and Monteau 1976; Cohen 1979; Graham and 
Duffin 1982; Feldman and Speck 1983; Lipski and 
Merrill 1983; Fedorko et al. 1983; Cohen and 
Feldman 1984; Davies et al. 1985a,b), and with 
inspiratory intercostal motoneurones, IC Mns (Hil- 
aire and Monteau 1976; Davies et al. 1985a,b; 
Feldman et al. 1985; Duffin and Lipski 1987). It is 



the same for the descending inspiratory neurones 
from the VRG with Phr Mns (Cohen et al. 1974; 
Hilaire and Monteau 1976; Feldman and Speck 
1983; Lipski and Merrill 1983) and IC Mns (Kirk- 
wood and Sears 1973; Feldman et al. 1985; Merrill 
and Lipski 1987). Nevertheless, recent quantitative 
assessment of such connections suggested that "the 
net depolarization provided by this source is only a 
small fraction of the total needed to secure moto- 
neurone discharge" (assessed as 22% for Phr Mns 
and 8% for IC Mns, according to Davies et al. 
1985b), thus implying that bulbo-spinal respiratory 
inputs are mostly upon interneurones. Direct evi- 
dence for such interneurones with bursty firing in 
phase with respiration has been given by Pitts (1942) 
and Kirkwood et al. (1988) in the thoracic cord. 
These pools of interneurones may allow interactions 
between local and descending inputs at the thoracic 
level and thus provide a further means for 
integration. 

If such inspiratory interneurones were also pre- 
sent in the cervical cord, they might have still a 
different significance. Spinal respiration has been 
described in the cat (Aoki et al. 1978, 1980) and in 
the rabbit (Viala et al. 1980; Viala and Freton 1983). 
While in the C1 spinal cat preparation the spon- 
taneous respiratory-like activity recorded from the 
Phr nerves was abolished after a C2-C3 transection 
(which suggests that this activity is generated at C1- 
C3 levels), spinal phrenic bursting could again be 
obtained after such a transection in the rabbit, 
during pharmacological activation, suggesting the 
presence of a "spinal respiration generator" within 
the C3-C7 spinal cord. The latter spinal pattern is 
not observed in the intact animal, since it is probably 
controlled and entrained by the medullary pattern. 
If so, (i) respiratory interneurones should be charac- 
terized in the C2-C7 spinal cord zone of non spinal 
preparations, and (ii) part of these interneurones 
should belong to the "spinal respiration generator". 
The data presented here deal with the first aspect 
of this demonstration. Different categories of 
respiratory interneurones could be found in the 
C3-C6 cervical cord of the decorticate rabbit 
preparation. These results have already been 
published as a preliminary note (Palisses and Viala 
1987). 

Methods 

Experiments were carried out on 35 rabbits (2.5-3 kg body 
weight). Thirty were used for electrophysiological experiments 
and 5 for anatomical studies (phrenic motoneurone mapping 
with horseradish peroxidase, HRP). 
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Electrophysiological experiments 

Surgery. After general anaesthesia with sodium pentobarbitate 
(Pentobarbital, 35 mg/kg, i.v.), the animal was tracheotomized. 
A jugular cannula was inserted for further injections and a 
carotid cannula for blood pressure recording. Both vagal nerves 
were prepared so that they could be severed when required. 
Dexamethasone (Soludecadron 0.3 mg/kg, i.v.) was administra- 
ted to minimize brain oedema. Then the animal was curarized 
with gallamine triethiodide (Flaxedil 5 mg/kg, i.v.) and artificial- 
ly ventilated. The head of the animal was fixed in a stereotaxic 
frame and an extensive decortication was performed after cranio- 
tomy (decorticate preparations were used for comparison with 
previous studies performed using the same conditions). The 
remaining exposed brain was protected with Agar. The phrenic 
nerves were isolated bilaterally through a dorsal neck approach 
and were maintained in mineral oil poured into a pool formed by 
the skin flaps. The rostral part of the vertebral column was 
rigidly maintained in a horizontal position with two clamps 
placed on C2 and Thl vertebral bodies. A laminectomy was 
performed at C3-C5 vertebral levels to lay the C3-C6 cord levels 
open. The dura was removed and the spinal cord immediately 
covered with mineral oil maintained at 38~ In addition to the 
bilateral vagotomy, a spinal transection at C7 level was achieved 
after lidoca'ine (Xylocairie, 1% adrenaline) infiltration in order to 
prevent afferent inputs related to passive chest movements from 
reaching the cervical cord; lidoca'ine was used to minimize the 
effects of mechanical stimulation, 

In some cases, a bilateral pneumothorax was carried out to 
reduce mechanical artefacts due to pulmonary inflations. 

Recordings. Recordings only began 6 h after the onset of sur- 
gery, i.e. when the main effects of anaesthesia had subsided. 
Phrenic nerve activities were recorded from their central cut ends 
with a pair of silver electrodes connected to short-time constant 
amplifiers (bandwith 100 Hz-10 kHz). Spinal "respiratory" un- 
its were recorded extracellularly with stainless steel microelec- 
trodes (resistance 2-3 MR at 1000 Hz A.C. current) in the 
cervical C3-C6 spinal cord. Such electrodes allow the activity of 
neurones of large and smaller size to be recorded. The electrodes 
were driven by a microdrive (Narishige) through the spinal cord. 

During the experiment, all recordings were monitored on a 
multitrace oscilloscope and were also fed into a multichannel 
tape recorder (Schlumberger MP 5522) to allow further pro- 
cessing and film recording. Phrenic nerve activity could be 
rectified and filtered and unit activities sent into an instantaneous 
frequency (i.f) device before being monitored on a polygraph 
(Siemens, Oscillomink 8). For each recorded unit, the respirator 
was turned off for 4-5  respiratory periods in order to exclude a 
possible artefactual rhythmicity due to chest movements. Heart 
rate, blood pressure and end-tidal CO 2 (Beckman LB3) were 
constantly monitored. The tidal volume of respiration was 
adjusted to maintain a relatively constant end-tidal CO 2 
(3.8 4%) for a constant frequency of the respirator (0.68 Hz). 

Stimulations. The phrenic nerve ipsilateral to the spinal recorded 
unit could be electrically stimulated (0.1 ms; 2-5  V) through the 
recording electrodes to identify phrenic motoneurones by their 
antidromic action potentials and their disappearance when using 
the collision test. The identification of interneural activity was 
based on the lack of antidromic response to ipsilateral phrenic 
nerve stimulation during expiration and during inspiration. 
Several types of additional observations contributed to the 
conclusion that the units recorded within the grey matter of the 
spinal cord were cell bodies and not passing axons. First, the 
record stability , second, the spike amplitude (up to several 
hundred/~Volts) and third, the waveform of the spike, which is 
usually multiphasic for body cell activity whereas positive spikes 



626 

represent the activity recorded from axons (Nelson 1959). More- 
over, the discharges could be recorded over a range of electrode 
positions (20 to 30 gin) without loss or destruction of the unit, 
whereas fibre spikes appeared abruptly and disappeared with 
slight displacement of the electrode. 

Mapping procedure. Some of the medullary "respiratory" inter- 
neurones were localized by injecting a current through the tip of 
the microelectrode at the recorded site (negative current of 50/aA 
for 15 s). Post mortem, the explored segments of the spinal cord 
were fixed by immersion in a solution containing 30% glutar- 
aldehyde in 0.1 M phosphate buffer (pH 7.4) and potassium 
hexacyanoferrate at 1% to reveal the labeling (Green's method, 
1958). One week later the tissues were treated for histology 
(50 #m cross-sections) and counterstained with a 1% neutral red 
solution. 

Neuroanatomical experiments 

In 5 rabbits we used the retrograde transport of horseradish 
peroxidase (HRP) to label the Phr Mn pool. Under aseptic 
surgical conditions, one phrenic nerve was isolated by ventral 
neck approach and severed; the proximal end was crushed with 
fine forceps and small quantities of dry HRP (6 8 nag) were 
applied on this crushed part of the nerve (Duron et al. 1979). After 
a 72 h survival period, the animals were deeply anaesthetized 
(Nembutal 40 mg/kg i.v.) and first perfused with saline then with 
a fixative solution (2.5% glutaraldehyde in 0.1 M phosphate 
buffer pH 7.4) through a cardiac cannula inserted into the left 
ventricle. After a cervical laminectomy, the C3-C6 cord was 
removed and placed in the same fixative solution for 2 days, then 
in a 0.1 M phosphate buffer (pH 7.4) solution plus 30% sucrose 
for 4 days. The tissues were then sectioned and revealed accord- 
ing to Mesulam et al's protocol (1980) and finally counterstained 
with a 1% neutral red solution. 

R e s u l t s  

Evidence for different categories of respiratory 
interneurones in the C3-C6 cervical cord 

Spontaneously firing interneurones recorded from 
the cervical cord were considered as respiratory 
interneurones: (i) if their activity was modulated in 
phase with the central respiratory pattern and (ii) if 
they were not invaded or monosynaptically activa- 
ted by antidromic stimulation of the ipsilateral 
phrenic nerve (as phrenic motoneurones and 
"Renshaw" type cells would respectively be). They 
were characterized by their firing pattern and classi- 
fied according to Gauthier and Monteau's terminol- 
ogy (1984): respiratory units were phasic when their 
firing burst was limited to one phase of the respi- 
ratory period (T) and tonic when their continuous 
firing displayed a periodic modulation with the 
respiratory rhythm; in addition, they were termed 
"inspiratory" or "expiratory" according to the tim- 
ing of their increased firing rate within the respi- 
ratory period assessed on the phrenic nerve record. 

1) Inspiratory interneurones. Of 63 respiratory 
interneurones which were recorded, 34 belonged to 

the inspiratory groups. They could be divided into 3 
different functional categories: 

- -  All I all interneurones (Fig. 1B 0 had a quite 
comparable firing pattern. They became active at the 
very beginning of the phrenic burst; their discharge 
frequency progressively increased until the end of T~ 
(inspiratory period) and then decreased more or less 
rapidly to stop at the end of the post inspiratory 
period T~I (Fig. 1A). They were completely silent 
during the expiratory period TE2 (Fig. 1B1). From 
frequencies close to 40 Hz at inspiratory onset, these 
units usually reached 100 Hz as maximal values 
(Fig. 1B2). Of 34 inspiratory units, 9 belonged to this 
category (26%). 

- - T h e  I late interneurones (Fig. 1C1) started 
firing 100-600 ms after T~ onset, depending on the 
unit. Figure 1C2, D and E shows the activity of 3 
interneurones which belong to this type. Like the 
I all interneurones, their firing rate rapidly rose and 
reached a maximum at T I ending but, at variance 
with them, they became silent immediately after that 
time of maximal activity. About half these units had 
a relatively low maximal frequency, close to 50 Hz 
(examples in Fig. 1C2, E), whereas the others 
reached higher frequencies (130 Hz in Fig. 1 C2). Two 
particularly late units, one of them which is shown in 
Fig. 1 E, had a firing reduced to a few spikes towards 
T~ ending. This class of inspiratory interneurones was 
the most represented (43%, i.e. 15 units from 34). 

- - T h e  tonic inspiratory interneurones (I ton), 
shown in Fig. 2 A1-A2, fired throughout the respi- 
ratory period with a clear phase modulation: the 
minimal instantaneous frequency (20-50 Hz) was 
seen during TEa or at least during its latest part. 
Thereafter, their discharge frequency progressively 
increased from T~ onset to T~ ending where the 
maximal instantaneous frequency was reached 
(maximal frequencies between 100 and 130 Hz). The 
unit returned to its minimal firing rate with a gradual 
slowing down of its frequency either limited to TE~ 
for some units or overlapping with TE2 for others 
(Fig. 2A2). 10 interneurones out of 34 (29%) had 
this pattern. 

2) In addition to isolated activity, multiunit 
inspiratory discharges could be followed with the 
microelectrode for several hundred micrometers. 
Throughout this distance, the number of units in the 
multiunit activities could vary, and consequently 
induce a modification of discharge amplitude. It is 
noteworthy that they always occurred in phase with 
the phrenic inspiratory burst. This multiunit firing 
was useful to delimitate the dorso-ventral area of the 
cord where the rhythmic interneurones could be 
found. An example of such record can be seen on 
Fig. 2C and another one on Fig. 3C where this kind 



627 

A 
~' " T E l  

C1 

IN 

Phr 

.... Lllilliilllgl ................. IIIII~I ......... lllllllUiJ, 

III111 . . . . . .  -:: lNlilll' ........ " "Nlllll ' 

Phr 

B1 

Ii -r~pl i' !~ ' ? I 
I I I I 
iX~_. i  ,_ X~, , 

! ! 

C2 
i f  

IN 

Phr 

i 

i 
I I 
I 
I 

Uk_ 
,. [lllml I l l  Ill/  
Phr 

D 
! I 

I I 
I I 
I I 

B2 
i f  

IN 

Phr 

�9 A 
I 
I 
I 

| _1 

E 

/ L  
I I 
I I , ,  
I 

Fig. 1A-E.  Firing pattern of I all and I late interneurones. A Spontaneous activity recorded from the phrenic nerve (Phr) with 
indication of the different phases of the respiratory cycle: - TI: inspiratory phase T ~ :  post-inspiratory phase TE2: expiratory phase. 
B~ Simultaneous records from an I all interneurone (IN) and from the ipsilateral phrenic nerve (Phr). B 2 Changes in the instantaneous 
frequency (thick letters in Hz) of the same interneurone as in Ba (IN upper trace) compared to the filtered phrenic activity (Phr - low 
trace). C ~ - E  Different firing patterns of I late interneurones. C 1, C 2 Records of the same I late interneurone. Same presentation as in 
B1, B 2. D, E Other examples of I late interneurones. Same presentation as in B 2. Time base: 1 s; Amplitude calibration for the unit 
records: 330/~V 

of activity was recorded at the same time as an 
expiratory unit firing. 

3) Expiratory interneurones were also found in 
this part of the spinal cord and they could be divided 
into different classes: 

- - t h e  tonic expiratory interneurones (E ton, 
Fig. 2B 1 and B2) had a tonic, phase modulated 
activity. They fired at low frequency since the maxi- 
mal i.f. during T H hardly outnumbered 40 Hz. 3 
section parts can be distinguished in the activation 
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Fig. 2A-C. Firing pattern of I tonic and E tonic interneurones and multiunit record. A1, A z Records of the same I ton interneurone. 
Same presentation as in Fig. 1 B 1, B z. B1, B 2 Records of the same E ton interneurone. Same presentation as in Fig. 1 Ba, B 2 except for 
the amplitude calibration: 130/~V. C Simultaneous record of a multiunit inspiratory activity (upper trace) in the cervical cord and of 
phrenic nerve activity (low trace). Same presentation as in Fig. 1 B 1 

pattern. The firing rate was minimal during Tr 
(3-10 Hz), with a slowing down near T~ termination 
which could lead to a silent period during the last 
100 ms sampling. The maximal firing rate occurred 
just after, from TEl onset, and it was mainly limited 
to TEl. During TE2, the unit discharged at a stable, 
intermediate frequency (about 10 Hz). 12 out of 29 
expiratory units belonged to this category (i.e. 41%). 

- - t h e  E all (Fig. 3 A, B) interneurones started 
firing during TE~ and went on at a low and regular 
frequency (mean value 20 Hz) until the end of TE2. 
The unit presented in Fig. 3 A, B shows the typical 
discharge pattern of such interneurones. Their maxi- 
mal i.f. never exceeded 25-30 Hz. They were fre- 
quently observed since they corresponded to 48% of 
the expiratory interneurones (14 out of 29). 

- - t h e  late expiratory interneurones (E late, 
Fig. 3 C, D) displayed a progressively increasing dis- 
charge that started during TE2 and stopped with its 
end, at which point firing rate was maximal (the 
maximal i.f. reached 200 Hz in Fig. 3D). Only 3 
recorded units displayed such a firing pattern, ac- 
counting for only a small proportion (10%) of all the 
expiratory units. 

From these electrophysiological experiments, no 
particular spinal localization of these different cat- 
egories of interneurones could be observed. Inspi- 
ratory and expiratory activities could even be re- 
corded simultaneously (Fig. 3C). Several respiratory 
interneurones could sometimes be met during the 
same track (maximal: 3). The field potential was 
most often absent or, when present, was of low 
amplitude, indicating a location of the interneurones 
dorsally to the Phr Mn pool. A large amplitude field 
potential was only observed for a few units close to 
the Phr Mn pool. 

Compared localization of  the respiratory 
interneurones and the phrenic motoneurone pool 

A few experiments were performed to localize the 
Phr Mn pool labeled by retrograde migration of 
HRP in rabbits of the same weight as those used in 
the physiological experiments. In agreement with 
Ullah's work (1978) (also in the rabbit), the phrenic 
nucleus was found to extend from the C4 to at least 
half of the C6 spinal segments (Fig. 4B). On cross- 
sections (Fig. 4A) the phrenic pool was located in an 
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Fig. 3A-D.  Firing pattern of E all and E late interneurones. 
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intermediate position in the ventral horn, between 
the ventrolateral and the ventromedial columns in 
the grey matter and appeared as a cluster of 2-6 
motoneurones. The lateral and dorso-ventral co- 
ordinates were fairly constant and later on, this pool 
could be identified on stained cross-sections without 
any HRP labeling. 

Part of the microelectrode recordings were per- 
formed at C5 spinal level in order to determine the 
lateral and dorso-ventral extent of the inter- 
neurones. On stained cross-sections, the blue points 
that allowed the interneurones to be localized were 
found from 500-300 #m dorsal to the phrenic nucl- 
eus down to the phrenic nucleus itself. Laterally, 
these interneurones extended from 700 to 1000 #m 
from the midline, an area which is broader than the 
motoneurone extension, mainly on its medial side 
(Fig. 4A). This explains why the motoneurones were 
not necessarily encountered during the electro- 
physiological experiments. These interneurones 
were finally found in a definite area of the ventral 
cord. The rostro-caudal extension of the respiratory 
interneurones was determined by systematic unit 
recording at the same laterality (0.9 mm, which 
corresponds to the center of the active zone), in the 
C3-C7 spinal cord every 3 mm along the spinal axis 
and with more accuracy close to the rostral and 
caudal limits. The longitudinal extension of these 
respiratory units coincided with that of the moto- 
neurones, extending from rostral C4 to C6, although 
somewhat more restricted than the motoneuronal 
pool at the C6 level (Fig 4B). 
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Fig. 4A, B. Compared locali- 
zations of the respiratory inter- 
neurones (hatched area) and of the 
phrenic pool of motoneurones 
(black area) on a half cross-section 
of the spinal cord at C5 level in A. 
Schematic representation of the 
rostro-caudal and lateral extension 
of the respiratory interneurones 
versus the phrenic pool of moto- 
neurones at C4-C6 levels in B 
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Discussion 

These results provide the first direct evidence for 
respiratory interneurones in the C4-C6 spinal cord, 
i.e. in a part of the cord roughly corresponding to the 
rostro-caudal extent of the phrenic nucleus (Ullah 
1978; Rikard-Bell and Bystrzycka 1980; Duron et al. 
1979). The different criteria used to differentiate the 
fibres from the soma ensured some security in the 
identification. The shape, the duration of spike and 
the activity maintained when moving the electrode 
over a few tens of micrometers confirm the presence 
of respiratory interneurones in addition to respi- 
ratory fibres in this cervical part of the cord. These 
interneurones do not belong to the Renshaw inter- 
neurones described in the cat (Hilaire et al. 1983; 
Lipski et al. 1985; Hilaire et al. 1986) since they were 
not monosynaptically excited by the antidromic 
stimulation of the ipsilateral nerve. In addition, they 
were located dorsally to the phrenic pool of  Mns and 
not inside as shown by the size of  the field potentials 
and by the labeling observed on cross-sections. Since 
the unitary activities constitutive of the multiunit 
discharges could not be followed separately, it can- 
not be decided whether they were only recorded over 
a few microns (as fibres are) or over longer distances 
(as somas are). It is likely that some of them 
originate from a bundle of  bulbo-spinal respiratory 
axons entering in the grey matter and running in a 
dorso-ventral direction towards the Phr Mns. The 
ventro-lateral location of the bulbo-spinal pathways 
within the white matter (Jiang et al. 1987) is con- 
sistent with such a fibre entrance towards the Phr 
Mn target. Some of these multiunit inspiratory 
activities might also originate from interneurones of  
small diameter which are more readily recorded with 
steel microelectrodes than with glass micropipettes. 

The different functional classes of interneurones 
that we could identify at this cervical level may be 
compared to the categories of respiratory bulbo- 
spinal neurones (BSNs), described by Bianchi (1971) 
and Gauthier and Monteau (1984) in the cat and by 
Jiang et al. (1987) in the rabbit, since they are 
supposed to induce the respiratory drive at the spinal 
level. We shall first consider the inspiratory 
neurones. The I all and the I late interneurones 
identified in the cervical cord are probably driven by 
the corresponding BSNs shown by Bianchi (1971) 
Gauthier and Monteau (1984) and by Jiang et al. 
(1987) and used as relays of the medullary inspi- 
ratory command to the Phr Mns that display one or 
other discharge pattern. Their firing pattern and the 
maximal frequencies they can reach are consistent 
with such a close transmission of information. It is 
nonetheless surprising that the spinal I late inter- 

neurones are much more numerous than the I all 
(43% against 26%) because (i) a reverse proportion 
of I late and I all bulbospinal neurones (Bianchi 
1971; Gauthier and Monteau 1984; Jiang et al. 1987) 
and (ii) a relatively equal ratio of I all (53%) and 
I late (47%) Phr Mns (Hilaire et al. 1972) have been 
observed. Our results are not necessarily inconsis- 
tent with the others if we consider that the multiunit 
inspiratory activities that were recorded in the cervi- 
cal cord can be expected to originate in part from 
inspiratory interneurones; all these multiunit activi- 
ties have not been taken into account in the propor- 
tions which they could largely modify. 

The tonic inspiratory interneurones (I ton) repre- 
sent 29% of the inspiratory interneurones, while 
bulbo-spinal neurones with the same pattern were 
rarely encountered (less than 4% according to 
Bianchi 1971) and even not at all (Gauthier and 
Monteau 1984) in the cat. Only one category of 
BSNs, the "continuous I units" mentioned by Jiang 
et al. 1987 could belong to the I ton category in the 
rabbit. This class of  BSNs is not important and can 
hardly be responsible for the excitation of  the large 
number of I ton spinal interneurones that even 
prevails on I all interneurones (26%). One possible 
explanation would be that I ton interneurones dis- 
play a spontaneous spinal tonic firing modulated by a 
phasic excitation from I all bulbo-spinal neurones. 
This would be another way to account for the 
relatively low proportion of I all interneurones 
compared to the predominant percentage of I all 
BSNs. A few other BSNs described in the rabbit, the 
"decrementing whole I" and the "constant whole I" 
have no equivalent at the spinal level. 

The evidence of different classes of expiratory 
interneurones as numerous as the inspiratory inter- 
neurones was unexpected in this part of the cord 
where the respiratory efferent activities from the Phr 
Mns are purely inspiratory ones. The main conclu- 
sion is that these interneurones are involved in the 
inhibition of  the Phr Mns during expiration and add 
their action to the monosynaptic bulbospinal expi- 
ratory inhibition described by Fedorko and Merrill 
(1984). We tried to compare the spinal expiratory 
interneurones to the expiratory BSNs described by 
Bianchi (1971) and Gauthier and Monteau (1984) in 
the cat and by Jiang eta.  (1987) in the rabbit. In the 
cat, only two classes of expiratory BSNs have been 
disclosed, the E all and the E late, the latter class 
being more common than the first. In fact, Bianchi 
(1971) considers them together because they all have 
the same progressively increasing firing rate al- 
though they start firing at different times after the 
end of Tv In spite of  the lack of details, more 
numerous classes of expiratory BSNs have been 



mentioned in the rabbit: the main groups are rep- 
resented by "augmenting whole E" units that prob- 
ably belong to the E all and E late groups in the cat, 
and by the E1 (postinspiratory) units. The E late 
class of interneurones we could record in the C3-C6 
spinal cord is the only one which fits with the E all- 
E late BSNs described by others. It suggests that 
these interneurones relay the drive from the 
corresponding BSNs and inhibit the Phr Mns. None- 
theless, the low proportion of E late spinal inter- 
neurones (10%) is at variance with the important 
representation of E all plus E late BSNs. 

The interneurones that we classified as E all 
cannot be mixed up with the E late since they fire 
earlier (during TEl) and maintain a constant firing 
rate at low frequency. This E all class of inter- 
neurones is the most frequently encountered (48%) 
and has only a few equivalent BSNs in the rabbit and 
no equivalent in the cat. If these E all interneurones 
are spontaneously active at spinal level, one can 
assume that their respiratory modulation originates 
from a periodic inhibition achieved by the numerous 
I all BSNs; their discharge timing is consistent with 
such an effect on the E all interneurones. 

When considering the E tonic spinal inter- 
neurones which are also numerous (41%), their 
cyclic modulation of activity can be explained 
neither by a single bulbo-spinal excitatory drive 
(from expiratory BSNs), nor by an inhibitory drive 
(from inspiratory BSNs). 

We need to be cautious when comparing our 
results to others obtained in different experimental 
conditions (rabbit versus cat and/or unanaesthetized 
versus anaesthetized). Taken together, this compari- 
son at the medullary and at the spinal levels nonethe- 
less suggest that: (i) some of the spinal interneurones 
are likely to be relays of the medullary drive; 
(ii) some of them receive more complex commands 
and could be involved in integrative processes from 
supra-spinal and thoracic inputs as suggested by 
Kirkwood et aL (1988) for the respiratory inter- 
neurones found in the thoracic spinal cord. One 
might finally consider a possible role of the cervical 
respiratory interneurones, shown in this paper, as 
relay neurones towards the accessory respiratory 
Mns, which are silent during anaesthesia. The Mns 
to the sternocleidomastoid and to the trapezius 
muscles, respectively located at C1-C2 and at C1-C5 
spinal levels (Satomi et al. 1985), can hardly be the 
target of such C3-C6 respiratory interneurones be- 
cause even in unanaesthetized preparations, they are 
usually silent and they display synchronous dis- 
charges with the phrenic ones only during special 
activities that involve respiration such as sneezing 
(Satomi et al. 1984). At variance, all the inter- 
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neurones we have recorded had an uninterrupted 
periodic activity entirely locked to the phrenic 
cycling. It remains to be seen whether some of these 
spinal interneurones belong to the spinal respiration 
generator (Viala et al. 1980; Viala and Freton 1983). 
This problem will have to be studied in another 
mammalian species because of the important sur- 
vival problems encountered in the rabbit after the 
cervical vertebral column was placed in a horizontal 
position. 
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