
Introduction

In 1959, Jouvet, Michel and Courjon have discov-
ered, during sleep episodes in the cat, a state char-
acterized by total disappearance of neck muscle 
activity (atonia), in conjunction with desynchro-
nized neocortical electroencephalogram (EEG), 
rapid eye movements (REMs) and cardiovascular 
irregularities, the state being called by the authors 
a paradoxical phase of sleep, or paradoxical sleep 
(PS) (Jouvet et al., 1959). Since then efforts were 
directed at identifying brain structures and eluci-
dating mechanisms critical for the generation of the 
atonia, one of the most characteristic tonic events 
of PS. It has been shown in the cat that during 
PS, i) there is suppression of both monosynaptic 

and polysynaptic spinal reflexes, the suppres-
sion disappearing after the section of the spinal 
cord (Gassel et al., 1964; Kubota et al., 1965; 
Baldissera et al., 1966); ii) there is a tonic decrease 
in excitability of both alpha and gamma motoneu-
rons (Gassel et al., 1965; Gassel and Pompeiano, 
1965; Morrison and Pompeiano, 1965; Kubota and 
Kidokoro, 1965; Kubota and Tanaka, 1966); iii) 
stimulation of the ventromedial part of the medul-
lary reticular formation (RF), which corresponds 
to the medullary inhibitory center first defined 
by Magoun and Rhines (1946), elicits inhibitory 
postsynaptic potentials (IPSPs) in both extensor 
and flexor motoneurons, presumably via inhibitory 
interneurons impinging upon spinal motoneurons 
(Giaquinto et al., 1964; Jankowska et al., 1968); 
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and iv) such an effect of stimulation is suppressed 
by the lesion of the ventral quadrant of the spi-
nal cord, particularly the ventrolateral funiculus 
corresponding to the ventrolateral reticulospinal 
pathway (Giaquinto et al., 1964; Jankowska et al., 
1968; for review see Pompeiano, 1976). In 1978, 
using intracellular recording techniques, Glenn 
et al. (1978) and Morales and Chase (1978) have 
demonstrated that hyperpolarization of spinal lum-
bar motoneuron membrane occurs during PS, sup-
porting the assumptions that during PS, there is a 
tonic decrease in excitability of alpha and gamma 
motoneurons via either a mechanism of inhibition, 
or a mechanism of disfacilitation, or a combination 
of both, and that this phenomenon is under the con-
trol of supraspinal structures.
In parallel to these electrophysiological studies, 
Jouvet (1962), Carli and Zanchetti (1965), Zanchetti 
(1967) and Henley and Morrison (1974) have dem-
onstrated using electrolytic brain lesion techniques 
in the cat that the bilateral lesioning of the pontine 
tegmentum, in particular the caudal part of the 
neucleus pontis oralis (Poo) and the rostral part of 
the nucleus pontis caudalis (Poc), results in a total 
disappearance of the atonia during PS and induced 
a state of PS without atonia. These findings lead to 
a general hypothesis that excitation of a supraspi-
nal inhibitory system causes a tonic postsynaptic 
inhibition of spinal motoneurons during PS. Jouvet 
(1972) first proposed that noradrenergic neurons 
in the nucleus locus coeruleus (LC) of the dorso-
lateral pontine tegmentum are critical for the gen-
eration of the atonia, while Hobson, McCarley and 
co-workers (1975) proposed that a population of 
cholinergic gigantocellular neurons in the pontine 
RF have executive function in the generation of 
the atonia. We have then hypothesized that during 
PS, some neurons of the mediodorsal pontine teg-
mentum exert an excitatory influence on neurons 
in the medullary RF, which in turn exert a general-
ized inhibition of the spinal motoneurons via the 
ventrolateral reticulospinal pathway (Sakai, 1980; 
Sakai et al., 1981; see Fig. 1A). If this hypothesis 
is correct, both the pontine and medullary neurons 
should discharge tonically and selectively during 
PS (PS-on or atonia-on neurons). Furthermore, the 
pontine atonia-on neurons should be excited anti-
dromically by electrical stimulation of the medul-
lary inhibitory area, while the medullary atonia-on 

neurons should be invaded antidromically by stim-
ulation of the ventrolateral reticulospinal pathway, 
and excited orthodromically by stimulation of the 
pontine supraspinal structure. Our experimental 
findings confirmed this hypothesis and further 
determined the localization of ponto-medullary 
neurons responsible for the generation of the neck 
muscle atonia observed during PS. In the present 
paper, we will describe these and other our find-
ings concerning brainstem neurons responsible for 
the postural, masseter, or pharyngeal muscle atonia 
observed during PS in freely moving cats.

Anatomical substrates for postural 
atonia mechanisms

Afferent projections to the spinal cord
As described, lesions of the ventrolateral funicu-
lus (VLF) abolish the inhibitory actions on spinal 
motoneurons induced by electrical stimulation of 
the medullary RF in the cat. What is the medullary 
source of the descending fibers coursing in the VLF? 
In order to determine the medullary neurons, we 
have used in cats a retrograde transport technique 
of horseradish peroxidase (HRP), that can be taken 
up by both axon terminals and axons en passant and 
transported retrogradely to their parent cell bodies 
(La Vail and La Vail, 1972). We found that the ven-
tromedial medullary RF, referred to as the nucleus 
reticularis magnocellularis (Mc; see Sakai, 1980; 
Sakai et al., 1981) [also called nucleus reticularis 
giagantocellularis, pars alpha or ventralis, or magno-
cellular tegmental field (FTM) by Berman (1968)] 
is the major medullary source of the descending 
fibers coursing ipsilaterally in the VLF. This med-
ullary reticulospinal tract appears to correspond to 
the ventrolateral reticulospinal tract (vlRST) first 
described by Pitts (1940). In line with the observa-
tions by Kuypers and Maisky (1977), we also found 
that the nucleus reticularis gigantocellularis (Gc), 
located just dorsal to the Mc, is a main medullary 
source of the spinal projections in the ipsilateral 
anterior funiculus (AF) and that the spinal cord is 
poorly innervated by the nucleus reticularis par-
vocellularis (Pc) neurons (Tohyama et al., 1979a). 
It should also be noted that the medial pontine 
RF (Poo, Poc and Gc) neurons give rise to direct 
descending fibers to the spinal cord mainly via the 
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AF (medial reticulospinal tract, mRST) (Tohyama et 
al., 1979a), whereas the LC complex [LC, LCa and 
locus subcoeruleus (LSC); see Sakai 1991] neurons 
together with neighboring RF cells, but not the peri-
LCa neurons (see below), give rise to direct projec-
tions to the spinal cord via the VLF (Tohyama et al., 
1979b; Sakai et al., 1979b).

Afferent projections to the medulla oblon-
gata
HRP injections into the Mc, particulary its caudal 
and lateral two thirds, resulted in specific labeling 
of the most medial part of the LCa and medially 
adjacent region, referred to as the peri-LCa or peri-
a (Sakai, 1980; Sakai et al., 1981) (Fig. 1A and 
B). The descending projections arising from the 
peri-LCa seemed to terminate in the Mc, as HRP 
injections into the medulla caudal to the Mc as well 
as into the spinal cord did not result in a signifi-
cant labeling of the peri-LCa neurons (Sakai et al., 
1979b; Tohyama et al., 1979b). The course of the 
descending pathway, as demonstrated by the HRP 
technique (Sakai et al., 1979b), is illustrated in the 
right frontal sections of Fig. 1B. This pathway seems 
to correspond to the lateral tegmentoreticular tract, 
first described by Russel (1955) with the March 
degeneration technique.

Effects of brain stem lesions on 
postural atonia

Electrolytic lesion study
Effects of bilateral brain stem lesions on the postural 
atonia during PS are summarized in Fig. 1B. As 
shown in the left side of the frontal sections (Fig. 
1B), bilateral electrolytic lesions including the peri-
LCa and the medial part of the LCa completely sup-
pressed the neck muscle atonia during PS (Fig. 1C) 
throughout survival periods of 1 to 7 months (Sastre 
et al., 1979). The same effect was also obtained 
when such bilateral lesions were performed at vari-
ous levels of the lateral tegmentoreticular pathway. 
Unlike these lesions, bilateral destruction (as far 
caudal as P9) of the medial RF of the pons and 
medulla (Poo, Poc, and Gc), called together gigan-
tocellular tegmental field (FTG) by Berman (1968), 
had no effect on the atonia. These results strongly 
suggest that: i) the FTG neurons located in the pons 

and medulla do not play any essential role in the 
generation of the neck muscle atonia during PS, and 
thus the medullary supraspinal inhibitory structure 
should be located in the Mc; and ii) the peri-LCa 
and adjacent LCa neurons and their descending 
pathway are critically involved in the generation of 
the atonia during PS.

Chemical lesion study
These hypotheses were further confirmed by our 
chemical lesion experiments with microinjections 
of kainic acid that allowed us to destroy selectively 
neuronal cell bodies receiving glutamatergic inputs 
without affecting axons of passage or nerve termi-
nals. Indeed, the complete bilateral destruction of 
the FTG neurons by the kainic acid does not affect 
the generation of the postural atonia during PS. In 
contrast, bilateral excitotoxic destruction of the peri-
LCa and adjacent medial LCa neurons completely 
suppress the atonia throughout the survival periods 
lasting 4 months (Sakai et al., 1981; Sastre et al., 
1981). These findings indicate that the neurons of 
the peri-LCa and adjacent medial LCa, together 
with their descending pathway (lateral tegmentore-
ticular tract), are critically involved in the genera-
tion of the postural atonia of PS, whereas the FTG 
neurons play no essential role in the mechanisms of 
the atonia.

Single unit recording experiments

PS-specific neurons in the pontine RF
If the neurons of the peri-LCa and adjacent medial 
LCa are responsible for the generation of the atonia 
of PS, they should exhibit tonic activation highly 
selective to PS. Furthermore, if the information is 
relayed by the Mc neurons, the pontine PS/atonia-
specific neurons should be invaded antidromically 
by stimulation of the Mc, but not by stimulation of 
the structures located caudal to the Mc. On the other 
hand, the neighboring RF, in particular FTG, neu-
rons sending axons to the spinal cord should exhibit 
different firing patterns during the sleep-waking 
cycle compared to the pontine PS/atonia-specific 
neurons.
Using a microwire bundle technique, we recorded 
single units in the pons of 11 freely moving cats, 
with stimulation electrodes implanted in the Mc, 
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vlRST and cervical segment of the spinal cord 
(C2-C3). We found, in the pons, units showing 
tonic activation highly selective to PS, referred to 
as PS-on neurons. Within the pontine RF, these 
neurons were found almost exclusively in the peri-
LCa and in the medial part of the LCa (Sakai, 
1980, 1988; Sakai et al., 1981, 2001). Two types of 
PS-on neurons were distinguished: one, exhibiting 
no discharge activity during both quiet and active 
wakefulness (W) characterized by various motor 
activities; and another exhibiting a significant dis-
charge during active W, usually when the cats sat 
down to take a sleeping posture, suggesting that 
the unit firing was related to postural change or 
relaxation of the postural muscles. Otherwise, both 

types of neurons showed quite similar firing rates 
and patterns during the sleep-waking cycle as fol-
lows: i) they were silent during quiet W, as well as 
during light slow-wave sleep (SWS) characterized 
by sleep spindles; ii) during deep SWS with high 
voltage slow EEG, these units began to exhibit 
a significant, but still intermittent discharge; iii) 
usually concomitant with the appearance of ponto-
geniculo-occipital (PGO) waves, they began to fire 
tonically at a gradually increasing rate; iv) during 
PS, they exhibited a high level of tonic activity 
throughout the episode. Acceleration of firing rate, 
however, was observed concomitant with PGO and 
REM bursts; and v) they completely stopped firing 
just prior to the end of PS (Fig. 2A).

Fig. 1. - (A) Schematic illustration of the present hypothesis regarding brainstem mechanisms of the neck muscle 
atonia during PS. During PS, neurons of the peri-LCa and adjacent LCa exert, via the lateral tegmentoreticular tract, 
an excitatory influence on Mc neurons, which in turn exert a generalized inhibitory influence on spinal motoneu-
rons via the ventrolateral reticulospinal tract. (B) Summary of effects of bilateral lesions on the atonia (left side of 
the frontal planes) and the location of cell bodies (dots) and their descending pathway to the Mc as determined 
by the HRP technique (right side). Blackened areas indicate that bilateral lesions of the structures permanently 
abolished atonia during PS, whereas lesions of areas with horizontal lines had no effect. (C) An example of poly-
graph recording showing PS without atonia. Abbreviations: a = locus coeruleus alpha; AF = anterior funiculus; DLF 
= dorsolateral funiculus; EEG = electroencephalogram; EMG = electromyogram; EOG = electrooculogram; FTG = 
gigantocellular tegmental field; Gc = nucleus reticularis gigantocellularis; IO = inferior olivary complex; LC = nucleus 
locus coeruleus; LGN = dorsal lateral geniculate nucleus EEG showing ponto-geniculo-occipital (PGO) waves; LSC 
= nucleus locus subcoeruleus; lvs = lateral vestibulospinal tract = Mc, nucleus reticularis magnocellularis; MV = 
motor trigeminal nucleus; Pc = nucleus reticularis parvocellularis; peri-a = nucleus peri-locus coeruleus alpha; Poc 
and Poo = nuclei pontis caudalis and oralis, respectively; rs = rubrospinal tract; Rtp = nucleus reticularis tegmenti 
pontis; SO = superior olivary complex; VIN = inferior vestibular nucleus; VLF = ventrolateral funiculus; VM = medial 
vestibular nucleus (modified from Sakai et al., 1981).
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The mean discharge rates of these two types of 
pontine neurons during the sleep-waking cycle are 
given in Fig. 2C. As shown in Fig. 2B and D, 5 of 
9 PS-specific cells and 7 of 18 cells exhibiting also 
a significant discharge in relation to postural change 
responded antidromically to stimulation of the Mc. 
Except for one LCa unit, they did not respond anti-
dromically to stimulation of the vlRST or spinal 
cord, indicating that these peri-LCa and LCa cells 
terminate mostly in the Mc. As shown in Fig. 2D-3, 
they had long latency antidromic responses, the 
mean (± SD) conduction velocity being 5.5 ± 2.1 
m/s for the 12 identified neurons.
Characteristics of pontine reticulospinal neurons 
as identified antidromically by stimulation of the 
vlRST at P15-P16 are shown in Fig. 3 (see Sakai, 
1980; Sakai et al., 1981). As shown in Fig. 3A, 
they were located in the FTG region (Poo and Poc) 
ventral to the peri-LCa. Two different classes of 
units were identified: a) one showing a tonic firing 
pattern throughout the sleep-waking cycle (tonic 
units) (Fig. 3C, columns with oblique lines); and 
b) another showing a phasic increase in firing rate 
during both active W and PS, usually concomitant 
with PGO and REM bursts (phasic units) (Fig. 3C, 
white columns). These pontine reticulospinal neu-
rons, therefore, did not satisfy either the selectivity 
or the tonicity criteria needed for the postural atonia 
executive neurons during PS. As shown in Fig. 3B, 
the great majority of the pontine reticulospinal neu-
rons had a high conduction velocity (> 25 m/s), in 
sharp contrast to the descending peri-LCa neurons 
having a low conduction velocity (< 10 m/s).

Medullary reticular formation Mc neurons
Single unit recordings were made in the Mc and 
Gc using a microwire bundle method in 14 freely 
moving cats (Kanamori et al., 1980; Sakai, 1980; 
Sakai et al, 1981). As predicted, we found a cluster 
of units showing a tonic activation selective to PS 
in the Mc (n = 18; Figs. 4A and C, black columns), 
but not in the Gc. In addition, we found 20 other 
units that presented a tonic increase in firing rate 
during PS as compared to W and SWS (Fig. 4C, 
white columns), although they exhibited a signifi-
cant discharge activity during active W in relation 
to postural change, like the subset of peri-LCa 
and medial LCa PS-on neurons described above. 
Otherwise the characteristics of these two clusters 

of Mc neurons were the same, and they were as fol-
lows. The Mc units exhibited little or no firing dur-
ing both W and light SWS with spindles. During 
SWS with high voltage slow EEG, the Mc units 
began to show a significant, but still intermittent 
discharge, from about 10 to 20 s prior to the occur-
rence of PGO waves (SWS-). During SWS with 
PGO waves (SWS+) and from 5 to 20 s prior to the 
onset of PS, they discharged tonically at a gradu-
ally increasing rate. During PS, all units exhibited 
a high level of tonic activity throughout the epi-
sode. Intense acceleration of firing, however, was 
noticed in every unit in association with PGO and 
REM bursts, whereas deceleration or even com-
plete cessation of firing was noted concomitant 
with slowing of neocortical EEG with or without 
accompanying slight tonicity of neck muscle EMG. 
At the end of PS, all the units completely stopped 
firing (see Sakai et al., 1981). An example of the 
firing pattern of a Mc PS-specific cell over a sleep-
waking cycle including three PS episodes is illus-
trated in Fig. 4A. The location and mean discharge 
rates of the PS-specific and non-specific units are 
shown in Fig. 4B and C, respectively.
As shown in Fig. 4D, 7 of the 18 PS-specific and 
11 of the 20 PS-non-specific Mc units were invaded 
antidromically by stimulation of the vlRST at the 
medullo-spinal junction (P15-P16) and/or at the 
cervical segment (C2-C3) of the spinal cord. Overall 
conduction velocity was estimated as 5 to 24 m/s, 
the PS-specific Mc units having particularly low 
conduction velocities (8.3 ± 1.4 m/s, mean ± SD). 
On the other hand, stimulation of the peri-LCa 
elicited synaptic excitation (latency 2.0-4.5 ms) in 6 
of 11 Mc PS-specific units (Kanamori et al., 1980; 
Sakai et al., 1981).

Medullary reticular formation Pc neurons
Pc neurons do not represent the main medullary 
source of descending projections to the spinal cord. 
Instead, they are one of the main medullary sources 
of afferent projections to the motor trigeminal 
(MV), facial and hypoglossal nuclei (see for the cat, 
Mizuno et al., 1988; Takada et al., 1984; Landgren 
et al., 1986; Fort et al., 1989, 1991; Ono et al., 
1994). As seen with the spinal lumbar motoneu-
rons, Nakamura et al. (1978) have demonstrated the 
hyperpolarization of masseter motoneurons occur-
ring during PS.
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Fig. 2. - (A) Polygraph showing activity of a peri-LCa PS-on cell across wake-sleep states. (B) Localization of pon-
tine PS-specific cells (closed squares) and those showing also a significant discharge during active W (squares), 
otherwise displaying the same discharge pattern as the PS-on cells. (C) mean (± SEM) discharge rates of the 
PS-specific (black bars) and PS-non-specific (white bars) units during the sleep-waking cycle. (D) Examples of 
antidromic responses of a peri-LCa PS-on cell to stimulation of the Mc (1,2) and the antidromic invasion latency 
histogram and their conduction velocity (3). Note the fixed latency (D1) and collision with a spontaneous spike 
(s) (D1, indicated by an arrow) and the ability to follow high frequency stimulation (2). Note also the low conduc-
tion velocity characteristic of the descending pontine PS-on cells (D3). Abbreviations: AW, QW = active and quiet 
waking, respectively; SWS-, SWS+ = slow-wave sleep without or with PGO waves, respectively; PS-, PS+ = PS without 
or with bursts of PGO waves and REMs, respectively (A: modified from Sakai, 1980 and Sakai et al., 1981; B, C, and 
D: modified from Sakai et al., 1981).
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In five cats, bipolar stimulation electrodes were 
implanted bilaterally in the MV, and we (Sakai, 
unpublished data) recorded single units in the med-
ullary RF using the microwire bundle method. As 
shown in Fig. 5C and D (black columns), we found 
9 neurons discharging tonically and selectively 
during PS. In addition, we found other 11 neurons 
showing a tonic discharge similar to those of the Pc 
PS-specific neurons although discharging during 

active W as well, possibly in relation to feeding 
behavior (Fig. 5D, white columns). The discharge 
patterns of these two classes of Pc neurons are quite 
similar to those of the PS-specific and PS-non-
specific Mc neurons described above. As shown 
in Fig. 5A, these Pc neurons were located dorsally 
near the Gc, and ventrally close to, or in, the lateral 
vestibulospinal tract (lvs), or the most lateral part of 
the Mc (n = 2; see Fig. 5A, P9). Two Mc and 4 of 

Fig. 3. - Characteristics of the pontine reticulospinal neurons identified by antidromic invasion following stimulation of 
the vlRST at P15. Their location and examples of the antidromic responses are shown in A and B, respectively. In A, dots 
indicate those units showing a tonic firing pattern throughout the sleep-waking cycle (tonic units, n = 7), while triangles 
indicate those showing a phasic increase in firing rate during both AW and PS, usually concomitant with bursts of PGO 
waves and REMs (phasic units, n = 32). The mean (columns) and median (arrows) rates of these tonic and phasic 
units are shown in C. Antidromic invasion latency and conduction velocity of these two types of units are shown in D. 
Note the fast conduction velocity of most cells. For abbreviations, see Fig. 2 (modified from Sakai et al., 1981).
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9 PS-specific Pc neurons were excited antidromi-
cally by stimulation of the MV, together with one 
PS non-specific Pc neuron (Fig. 5A, indicated by 
arrows). For the MV-projecting PS-specific Pc units 
(n = 6), the mean (± SD) conduction velocity was 
1.8 ± 1.1 m/s, the value being significantly lower 

(p < 0.01, Mann-Whitney test) than that of the 
descending Mc PS-specific units (8.3 ± 1.4 m/s). 
In addition, we found another 11 units that were 
invaded antidromically by the MV stimulation with 
short antidromic latencies (Fig. 5A, indicated by 
triangles and Fig. 5B). They were characterized by 

Fig. 4. - Characteristics of Mc PS-on cells. (A) PS-selective discharge pattern of a MC PS-on cell over the sleep-
waking cycles, including three PS episodes. (B) Location of the Mc PS-specific (black squares) and PS-non-specific 
(white squares) cells. Arrows indicate those antidromically identified by stimulation of the vlRST at P15-P16 and/or 
at the cervical segment of the spinal cord (C2-C3). (C) Mean (± SEM) discharge rates of the two types of Mc units 
across the wake-sleep states. (D) Examples of antidromic responses of a Mc PS-specific unit elicited by stimula-
tion of the vlRST (1 and 2) and their conduction velocity (3). Note the particularly slow conduction velocity of the 
PS-specific Mc neurons (black bars), compared to that of the PS-non-specific Mc neurons (white bars) (modified 
from Sakai et al., 1981).
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a high frequency phasic discharge activity during 
feeding (Fig. 5B), little or no discharge during both 
quiet W and SWS, and a phasic discharge activity 
during PS, often in association with PGO and REM 
bursts. The mean conduction velocity of these 11 
phasic units was 10.9 ± 2.4 m/s, the value signifi-
cantly higher (p < 0.01, Mann-Whitney test) that 
that of the PS-specific tonic Pc units. These findings 
indicate that the Pc PS-on neurons sending axons to 
the MV may represent inhibitory premotor neurons 
to trigeminal motoneurons and play a critical role 
in the atonia of jaw-closer muscles during PS (see 
Discussion).

Neurochemical properties of pontine 
atonia-executive neurons

In the pons, PS-on neurons are found almost exclu-
sively in the peri-LCa, as described above. The ros-
tral part of the peri-LCa contains a dense population 
of cholinergic neurons sending axons to the thalamus 
and/or hypothalamus, whereas the caudal peri-LCa 
contains mainly non-cholinergic and non-mono-
aminergic descending neurons (Sakai, 1991). Two 
different types of PS-on neurons are distinguished 
(Sakai and Koyama, 1996). One is characterized by 
a broad action potential, a slow conduction velocity, 
and an inhibitory response to iontophoretically-

Fig. 5. - Characteristics of tonically or phasically discharging Pc cells. (A) Location of tonic Pc cells discharging 
either specifically during PS (black squares) or discharging during AW as well (white squares), and phasic Pc cells 
(black triangles). (B) High frequency, phasic discharges of a Pc cell during feeding (left trace) and its antidromic 
responses to stimulation of the MV (right trace). (C) Discharge activity of a Pc PS-on cell across wake-sleep states 
(1) and its antidromic responses to the MV stimulation (2). (D) Mean (± SEM) discharge rates of the PS-specific 
(black bars) and PS-non-specific (white bars) Pc cells during the wake-sleep cycle (Sakai, unpublished data).
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applied carbachol, a potent cholinergic agonist, 
referred to therefore as Carb-I PS-on neurons and 
considered as cholinergic. The other is characterized 
by a short action potential, fast conduction velocity, 
and an excitatory response to applied carbachol, 
referred to therefore as Carb-E PS-on neurons and 
regarded as non-cholinergic, possibly glutamatergic. 
The Carb-I PS-on neurons are located exclusively 
in the cholinergic rostral peri-LCa, whereas the 
Carb-E PS-on neurons are located mostly in the non-
cholinergic caudal peri-LCa. Both types of PS-on 
neurons are excited by iontophoretically applied 
glutamate (Glu), a well-known, excitatory amino 
acid, or bicuculline, a GABAA receptor antagonist. 
Although serotonin (5-HT) has no effect, microion-
tophoretic application of noradrenaline (NA) to 
Carb-E PS-on neurons results in inhibition of either 
their spontaneous tonic discharge during PS or their 
tonic discharge induced by carbachol application 
during W or SWS, but has no effect on Carb-I PS-on 
neurons. These data suggest that both cholinergic 
and glutamatergic mechanisms are involved in the 
executive mechanisms of PS and that both adrener-
gic and GABAergic mechanisms are implicated in 
the inhibitory mechanisms of PS generation in gen-
eral (see Sakai et al., 2001). The pontine PS-on neu-
rons that are invaded antidromically by stimulation 
of the Mc of the medulla all display non-cholinergic 
unitary characteristics, while stimulation of the peri-
LCa results in synaptic excitation of Mc PS-on neu-
rons, suggesting that the pontine atonia-executive 
neurons use an excitatory neurotransmitter, possibly 
glutamate. Our pharmacological experiments using 
microinjection or reverse microdialysis techniques 
further allowed us to determine within the pons a 
critical region for the generation of the atonia of PS.

Cholinergic mechanisms
Previous microinjection studies in the cat demon-
strated that carbachol induces atonia and a dramatic 
increase of PS duration when injected into the peri-
LCa (Vanni-Mercier et al., 1989; Yamamoto et al., 
1990). It should be first mentionned that the LC and 
LCa, and to a lesser extent peri-LCa, contain nor-
adrenergic neurons. The noradrenergic neurons are 
called “PS-off” or “REM-off” cells, as they cease 
firing during PS (see Jacobs 1985 for review), and 
the PS-off cells are found in all pontine structures 
containing noradrenergic neurons (see Sakai, 1980, 

1991). We found that microinjections of carbachol 
into the peri-LCa induced excitation of the PS-on 
cells and inhibition of PS-off cells located near the 
injection site and resulted in induction of atonia and 
PS, suggesting that in addition to the excitation of 
the PS-on neurons, inhibition of the PS-off neurons 
may play a role in the induction of PS in general and 
in the induction of atonia in particular (see Sakai et 
al., 2001).
In agreement with the microinjection studies, we 
found that microdialysis application of carbachol to 
the peri-LCa, especially its caudal part, results in 
a dose-dependent increase in PS (Sakai and Onoe, 
1997), and that this PS-inducing effect is antago-
nized by 4-DAMP, an M1/M3 muscarinic receptor 
antagonists, but not by pirenzepine, an M1 musca-
rinic receptor antagonist, or methoctramine, an M2 
muscarinic receptor antagonist. Importantly, single 
application of 4-DAMP, especially to the caudal 
peri-LCa, produced a great reduction of PS and a PS 
without atonia (Figs. 6B and 7A) (Sakai and Onoe, 
1997). These findings indicate that M3 muscarinic 
receptors located in the caudal part of the peri-LCa 
play a crucial role in the generation of the atonia dur-
ing PS. The PS- and atonia-inducing effect of carba-
chol is not antagonized by co-applications of GAMS, 
a preferential kainate (KA) receptor antagonist, even 
at high concentrations (Onoe and Sakai, 1995). This, 
and the finding that atropine does not block the 
PS-inducing effect of KA (see below), indicate that 
two distinct (cholinergic and glutamatergic) mecha-
nisms are involved in the executive mechanisms 
underlying the generation of PS and atonia.

Glutamatergic mechanisms
Microdialisis application of 5 to 50 mM KA, an 
excitatory amino acid agonist, to the middle or 
caudal peri-LCa induces atonia in parallel with a 
marked increase in PS in a dose-dependent manner. 
KA application to other brain pontine structures has 
no effect or, on the contrary, has a PS-suppressing 
effect (see Sakai et al., 2001). The atonia- and 
PS-inducing effects of KA appear to be mainly due 
to activation of KA receptors, since application of 
AMPA (5-100 mM) or NMDA (50-500 mM) has 
little or no effect, and the PS-inducing effect of KA 
is completely blocked by GAMS, a preferential KA 
receptor antagonists, but not by AP-5 or MK-801, 
selective NMDA receptor antagonists (Onoe and 
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Sakai, 1995). As noted, atropine, a selective musca-
rinic receptor antagonist, also does not block the KA 
effect. These data again point to an important role 
played by the caudal peri-LCa in the mechanisms 
of PS in general, and those of the atonia during PS 
in particular.

Adrenergic and dopaminergic mechanisms

Application of 5-HT or histamine (HA) in the caudal 
peri-LCa has no PS- and atonia-inhibiting effects. In 

sharp contrast, as shown in Figs. 6C and D and 7B 
and C, application of NA, adrenaline (A) or dopa-
mine (DA) causes a marked decrease in PS without 
affecting other behavioral states, and induces PS 
without atonia (Crochet and Sakai, 1999a, b; 2003). 
PS/atonia inhibition by NA and A in the caudal peri-
LCa is mediated by a2-adrenoceptors, as the PS/
atonia-inhibiting effect is completely blocked by co-
application of rauwolscine or RX 821002, specific a2 
-adrenoceptor antagonists. Furthermore, microdialy-

Fig. 6. - Polygraphs showing PS episodes seen before (control, Ringer’s) and after application of 4-DAMP (B), NA (C) 
or DA (D). Note the complete suppression of neck muscle EMG activity (atonia) in control, and the suppression of 
the atonia after the drug applications. Arrows indicate the onset and end of PS (modified from Crochet and Sakai, 
1999, 2003; and Sakai and Onoe, 1997).
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sis application of clonidine, a specific a2-adrenocep-
tor agonist, mimics the effect of NA and A, whereas 
application of methoxamine, an a1-adrenoceptor 
agonist, or isoproterenol, a b-adrenoceptor agonist, 
does not (Crochet and Sakai, 1999b). Similarly, PS/
atonia inhibition by DA in the caudal peri-LCa is 
also mediated by a2-adrenoceptors, because the 
effects were not mimicked by SKF-81297, a selec-
tive D1-like dopamine receptor agonist, or selective 
D2-like agonists such as quinelorane, quinpirole, and 
7-OH-DPAT. The effects of DA were mimicked, 
however, by application of clonidine and blocked by 
co-application of RX821002, a selective antagonist 
of a2 adrenoceptors (Crochet and Sakai, 2003). The 
PS/atonia-inhibiting effect of NA and A seen in the 
caudal peri-LCa appears to result from direct inhi-
bition of non-cholinergic, presumed glutamatergic, 
PS-on neurons via a2-adrenoceptors, in the light of 

our iontophoretic study showing inhibition of non-
cholinergic PS-on neurons by NA or A (Sakai and 
Koyama, 1996).

Atonia-executive structures, as determined 
by local application of muscimol
We then determined atonia-executive structures 
using microdialysis application of muscimol, a 
potent GABAA receptor agonist that inhibits virtually 
all neurons in the central nervous system (Johnston, 
1978). Five hundred mM muscimol significantly 
inhibits PS and induces PS without atonia, espe-
cially when applied to the caudal peri-LCa, whereas 
muscimol application to other pontine structures 
including the Poo and Poc does not (Sakai et al., 
2001; Crochet et al., 2006). The atonia-suppressing 
sites by muscimol application correspond to those 
seen with 4-DAMP, NA, A or DA (Fig. 7D).

Fig. 7. - Effects of microdialysis application of 4-DAMP (A), NA (B), DA (C) or muscimol (D) on neck muscle EMG 
during PS. Drawings of a sagittal section are made at L2.0 with drug infusion sites (tip of the microdialysis probe; 
see box for the probe size). Dots indicate sites at which the drugs induced PS without atonia, whereas circles des-
ignate those at which the drugs had no effect on the EMG activity during PS (modified from Sakai and Onoe, 1997; 
Crochet and Sakai, 1999, 2003; Crochet et al., 2006).
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Disfacilitatory mechanisms in the 
generation of atonia during PS

It has been shown in the cat that both spinal cord 
and trigeminal motoneurons are inhibited during 
PS as a result of postsynaptic inhibition (Glenn 
et al., 1978; Nakamura et al., 1978; Morales and 
Chase, 1978, 1981), mediated mainly by glycine, an 
inhibitory amino acid neurotransmitter (Chase and 
Morales, 1990, 2005). Recent data suggest, how-
ever, that not all motoneurons within the brainstem 
are postsynaptically inhibited during PS by inhibi-
tory amino acids, and that hypoglossal motoneurons 
innervating the genioglossus muscles (GG) may be 
inhibited during PS as a result of a disfacilitation 
mechanism (Kubin et al., 1993, 1996). In support of 
this assumption, Kubin et al. (1993, 1996) showed in 
decerebrate cats that microinjections into the hypo-
glossal motor nucleus (HMN) of either strychnine, 
a glycinergic receptor antagonist, or bicuculline, a 
GABAA receptor antagonist, have little effect on 
the carbachol-induced atonia of the upper airway 
muscles. The authors suggested that the suppression 
of GG muscle activity during PS might be due to 
the withdrawal of serotonergic excitatory inputs to 
hypoglossal motoneurons. (Kubin et al., 1994; Lai et 
al., 2001), as the HMN receives dense serotonergic 
inputs (Kubin et al., 1996), and when applied to the 
HMN in vivo, 5-HT attenuates the decease in hypo-
glossal nerve or GG muscle activity seen during 
carbachol-induced atonia in decerebrate cats (Kubin 
et al., 1993). In addition to 5-HT neurons, the HMN 
is innervated by both NA and HA neurons which, 
like 5-HT neurons, cease firing during PS (Sakai, 
1980; Sakai et al., 1990). The decease in GG muscle 
activity during PS might therefore be caused by 
withdrawal of excitatory inputs not only from 5-HT 
neurons, but also from NA and HA neurons. Using 
power spectral analysis in freely moving cats, we 
investigated in freely moving cats the effect on GG 
muscle activity of the microdialysis application of 
5-HT, NA or HA to the HMN across the wake-sleep 
cycle (Neuzeret et al., 2009).
The drugs were applied unilaterally for 1 hour using 
a microdialysis probe (1 mm in length, 0.24 mm 
in diameter, and a 6000-DA Cut-off, CMA/11) to 
either rostral or caudal part of the HMN that, in the 
cat, extends 4-5 mm rostrocaudally. As shown in 
Fig. 8B, application of 5-HT or HA, but not NA, 

to the HMN resulted in a marked increase in GG 
muscle activity in all wake-sleep states, that sharply 
contrasted with the decrease in GG muscle activity 
seen during sleep states in control (Ringer’s alone) 
(Fig. 8A). During the application of 5-HT or HA, 
there was no significant reduction in GG muscle 
activity from quiet W to SWS, although a small, 
but significant reduction in GG muscle activity was 
still observed during PS when compared with the 
preceding SWS with PGO waves (S-PGO) (Figs. 
8B and 9B). It should be mentioned, however, that 
when PS episode occurred shortly after the begin-
ning of 5-HT or HA application, as shown in Fig. 
9A, GG muscle activity maintained the same high 
level of tonic activity during the transition from 
S-PGO to PS and throughout the PS episode. In spite 
of this tonic increase in GG muscle activity during 
PS, a pronounced phasic reduction in GG muscle 
activity was still seen in association with PGO and 
REM bursts (Fig. 10). These findings suggest both 
disfacilitatory and inhibitory mechanisms underly-
ing both the tonic and phasic processes of the atonia 
of GG muscles during PS. It should be mentioned 
that, as recently confirmed in mice (Takahashi et al., 
2006; 2010), both cat NA and HA neurons display 
a waking-specific discharge profile with virtually no 
discharge activity during both SWS and PS (Sakai et 
al., 1990; Sakai and Crochet, 2003). These data are 
thus at variance with the idea that the atonia of GG 
muscle activity seen during PS is due to the with-
drawal of noradrenergic or histaminergic excitatory 
inputs. Unlike the NA and HA neurons, the major-
ity of cat 5-HT neurons, in particular those in the 
medulla exhibit a complete cessation of discharge 
activity, selectively during the period of PS and ato-
nia as well, as illustrated in Fig. 11A. In addition to 
this population of neurons referred to as “complete 
type”, we found another group of 5-HT neurons in 
the caudal raphe nuclei and ventrolateral medulla, 
referred to as “incomplete type”, because they did 
not completely cease firing during PS, but signifi-
cantly reduced their tonic activity during this state 
(Fig. 11B; for details see Sakai, 2008). Interestingly, 
this latter group of neurons completely cease firing 
not tonically, but phasically in association with PGO 
and REM bursts (Fig. 11B, indicated by arrow-
heads). The slight reduction in GG muscle activity 
seen during PS under 5-HT application may result 
from the fact that the HMN motoneurons are only 
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partially stimulated and thus they are still under the 
control of medullary serotonergic excitatory inputs 
(see Discussion).

Discussion

The present study gives evidence for the existence of 
two supraspinal structures responsible for the gener-
ation of the neck muscle atonia during PS: the peri-
LCa and adjacent LCa in the pons and the Mc in the 
medulla. We demonstrated that, during PS, a group 

of peri-LCa and adjacent medial LCa neurons, in 
conjunction with a group of Mc neurons, exhibit a 
tonic discharge selective to PS/atonia (PS/atonia-on 
neurons). We suggested that, during PS, the peri-
LCa and adjacent LCa neurons exert, via the lateral 
tegmentoreticular tract, an excitatory influence on 
the Mc neurons, which in turn exert a generalized 
inhibitory influence on spinal motoneurons via the 
ventrolateral reticulospinal tract. In the medulla, we 
also demonstrated the presence of PS-specific neu-
rons innervating the motor trigeminal nucleus and 
suggested that they may play a critical role in the 

Fig. 8. - (A) Polygraph showing change in GG muscle activity (GG EMG) across the sleep-waking cycle observed in 
the cat without drug application. (B) Change in GG activity during wake-sleep states before (control, black bars, 
n = 22) and after application of 5-HT (horizontally dashed bars, n = 11), HA (hatched bars, n = 10) or NA (white 
bars, n = 7). Values are expressed as the percent mean power density compared with the baseline values in QW 
(modified from Neuzeret et al., 2009).
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inhibition of masseter motoneurons during PS. In 
addition, we have suggested that the tonic or phasic 
cessation of activity of medullary serotonergic neu-
rons during PS play an important role in the atonia 
of pharyngeal muscles during PS.
In addition to the PS/atonia-on neurons, we found, 
in the peri-LCa and LCa, as well as in the Mc, a 
cluster of neurons showing tonic activation and high 
selectivity of firing for PS over SWS and quiet W, 
but exhibiting a significant increase in discharge rate 

during active W in relation to postural change. At 
present, it is unclear whether the PS-selective and 
PS-non-selective neurons have similar, but different 
functional roles or whether the supraspinal systems 
responsible for the postural atonia during PS could 
be also active during active W and serve for the 
control and coordination of postural muscles as well. 
It should be noted that the ponto-medullary postural 
atonia-executive system that we found is composed 
of neurons having a slow conduction velocity (< 10 

Fig. 9. - (A) Tonic activation of genioglossus (GG) muscle activity during application of 5-HT to the hypoglossal 
nucleus. The activation occurred a few minutes after the start of 1-hour 5-HT application period (indicated by the 
arrow above the top trace) and continued throughout application, leading to complete blockade of the GG 
muscle atonia normally seen during PS. Note that the power density of GG EMG is expressed on a log10 scale 
because of the very high values seen during AW with movements. (B) Change in the GG EMG activity across the 
wake-sleep cycle observed during the first hour of 5-HT application. The values are expressed as the mean percent 
power density with respect to the mean baseline values (Ringer’s) obtained during AW without phasic discharges. 
The numbers in parantheses indicate the number of wake-sleep cycles during the analysis period (modified from 
Neuzeret et al., 2009).
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m/s). This slow conducting system differs consider-
ably from the fast-conducting reticulospinal systems 
(> 10 m/s), as described in the cat by Peterson et al. 
(1978) for neck motoneurons and by Chase et al. 
(1986), Mori (1987), and Takakusaki et al. (1989, 
2001) for lumbar hindlimb motoneurons. According 
to Peterson et al. (1978), stimulation of the nucleus 
reticularis ventralis (which includes our Mc) and the 
dorsal part of the Gc evoked short latency (< 1.3 ms) 
monosynaptic IPSPs in neck motoneurons. They 
suggested that the inhibitory projection from the Gc 
is involved in vestibular and visuomotor reflexes, 
while the inhibitory reticulospinal neurons in the 
nucleus reticularis ventralis may be involved in pro-
ducing the atonia of neck muscles during PS. On the 

other hand, Takakusaki et al. (1989) have reported 
that medullary reticulospinal neurons exert post-
synaptic inhibitory effects, via inhibitory interneu-
rons, upon a-motoneurons innervating cat hindlimb 
muscles. Using the spike-triggered averaging tech-
nique in decerebrate cats, Takakusaki et al. (1994) 
also reported that medullary reticulospinal neurons 
producing suppression of hindlimb motoneuronal 
activity conducted at 80-100m/s and were located in 
the dorsal medulla (Gc). More recently, Kohyama 
et al. (1998) have reported both slow- (conduction 
velocity < 22.8 m/s) and fast- (conduction velocity > 
22.8 m/s) conducting reticulospinal neurons produc-
ing the inhibition of both neck and hindlimb muscles 
in the Gc and Mc, but they did not find reticulospi-

Fig. 10. - Change in GG EMG activity during PS with application of 5-HT (A) or HA (B) to the hypoglossal nucleus. 
Note the transient suppression of the sustained GG muscle activity during the PS episodes with bursts of PGO waves 
and REMs (PS+) (unpublished data from the study of Neuzeret et al., 2009).
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nal neurons with conduction velocity of < 10 m/s. 
These findings indicate that several reticulospinal 
systems are involved in suppression of cervical and 
lumbar motoneurons. The medial pontine and med-
ullary RF (Poo, Poc, and Gc) are found to play an 
essential role in the fast conducting reticulospinal 
systems (Chase and Morales, 1990; Kohyama et al., 
1998; Takakusaki et al., 1994, 2001), which may 
be functionally related to the rapid control of motor 
activities such as vestibular and visuomotor reflexes, 
as proposed by Peterson et al. (1982), or postural 
fixation and locomotion as proposed by Mori et al. 
(1995). On the other hand, we propose that the slow-
conducting ponto-medullay descending systems that 
we found in the peri-LCa and LCa in the pons and 
in the Mc in the medulla are functionally related 

to the neck muscle atonia during PS, although the 
functional significance of this atonia during PS per 
se remains largely unknown. This peculiar tonic 
phenomenon, however, appears to play an important 
role in the maintenance of PS, because a drastic 
decrease in PS duration is observed in the cat exhib-
iting PS without atonia, the decrease being mainly 
ascribed to the appearance of stereotyped behaviors 
during the PS episode (Sastre and Jouvet, 1979). If 
the atonia during PS is not a simple epiphenomenon 
resulting from the activation of ponto-medullary 
neurons responsible for the relaxation of postural 
muscles during W, then it may have an active role 
such as reduction of thermal loss or energy conser-
vation by minimizing muscular activity (see Zepelin 
and Rechtschaffen, 1974).

Fig. 11. - Unit activity of two medullary serotonergic neurons during different sleep-wake states. Note that there is 
either a complete cessation of discharge (A) or a transient suppression of sustained discharge in association with 
bursts of PGO waves and REMs (B) (modified from Sakai and Kanamori, 1999).
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Our studies have suggested glutamatergic nature of 
the pontine atonia-executive neurons sending axons 
to the Mc. In support of this, it has been reported 
that glutamate agonist injection into the Mc elicits 
muscle atonia in chronic cats (Lai and Siegel, 1988) 
and that there is an increase in glutamate release 
during PS in the Mc of freely moving cat (Kodama 
et al., 1998). In addition, injection of the gluta-
mate antagonist g-D-glutamylglycine into the Mc 
reverses the atonia induced by pontine carbachol 
injection (Lai and Siegel, 1988), the finding also 
supporting our hypothesis that pontine regulation 
of muscle activity is mediated through the Mc. It 
should be also emphasized that total destruction of 
the pontomedullary Gc neurons by either electro-
lytic or cytotoxic lesions has no effect on the atonia 
during PS (Sastre et al., 1979, 1981). Furthermore, 
if the brainstem transection at the pontomedullary 
junction is incomplete so that the ventrally located 
lateral tegentoreticular tract to the Mc remains 
intact, no effect can be observed on the atonia and 
the sleep-waking states (Sakai, 1985; Webster et 
al., 1986; Vanni-Mercier et al., 1991). These find-
ings further support our hypothesis that the Mc, but 
not the dorsally located Gc, plays a critical role in 
the generation of neck muscle atonia during PS. 
Holmes and Jones (1994) have previously suggest-
ed, however, that the medial medullay RF neurons 
contribute to the generation and maintenance of PS 
and to the associated inhibition of postural muscles, 
but are not necessary for the appearance of that 
state, because despite extensive cytotoxic destruc-
tion by neurotoxin quisqualic acid of the medullary 
neurons, the full sleep-wake cycle reappeared and 
the loss of the atonia recovered within a week after 
surgery. It should be mentioned, however, that their 
cytotoxic lesions were limited to the medial medul-
lary RF, and, as also mentioned by the authors, did 
not included ventrolateral most portion of the Mc, 
which receives major afferent projections from the 
peri-LCa and contains many PS-on neurons (see 
Fig. 4). It is worth noting that all our attempts at 
bilateral and total destruction of the Mc neurons 
by either electrolytic or excitotoxic lesions were 
unsuccessful, the lesions always leading to the 
death of the animals by arrest of respiration (Sakai, 
1985). In sharp contrast, Petitjean (1981) reported 
that electrolytic lesions of the medial medullary 
RF including the caudal raphe nuclei (raphe mag-

nus and pallidus), and adjacent medial part of the 
Gc and Mc had no effects on the generation of the 
atonia, although such lesions produced a marked 
decrease in PS amount.
At present, the neurochemical nature of Mc and 
Pc atonia-executive neurons remains unclear. It 
remains also unclear whether the hyperpolariza-
tion of spinal and trigeminal motoneurons during 
PS is induced monosynaptically by excitation of 
inhibitory premotor reticular neurons or di- or 
polysynaptically by excitation of excitatory pre-
motor neurons impinging upon inhibitory spinal 
or trigeminal interneurons. The Mc, Pc and Gc all 
contain glutamatergic, GABAergic and glyciner-
gic neurons (Jones et al., 1991; Fort et al., 1993; 
Holms and Jones, 1994; Holstege, 1996; Stornetta 
and Guyenet, 1999; Vetrivelan et al., 2009). In the 
Pc, we found a cluster of PS-specific neurons pro-
jecting directly to the MV and suggested that they 
may play a role in the atonia of jaw-closer muscles 
during PS. Recently, Morales et al. (2006) reported 
that glycinergic Pc neurons do not contribute to the 
suppression of masseter motoneuron activity during 
PS, as no glycinergic Pc cells expressed c-fos dur-
ing carbachol-induced PS. These findings suggest 
that the Pc PS-specific neurons projecting directly 
to the MV may be not glycinergic, though the ato-
nia of masseter muscles during PS is thought to be 
due to glycinergic postsynaptic inhibition, mediated 
by monosynaptically projecting medullary neurons 
(Chase and Morales, 2005; Chase, 2008). Further 
studies are thus needed to determine the neuro-
chemical nature the Pc PS-specific neurons and 
their synaptic connectivity with trigeminal moto-
neurons and interneurons.
Recently it has been reported that stimulation of 
the Mc in decerebrate cats increased both glycine 
and GABA release and decreased both NA and 
5-HT release in the ventral horn, while its gluta-
mate level remained unchanged (Kodama et al., 
2003; Lai et al., 2001, 2010). This increase in 
glycine and GABA may come from reticulospinal 
glycinergic and GABAergic inhibitory premotor 
neurons as supposed by Chase and Morales (2005), 
or spinal interneurons containing these inhibitory 
neurotransmitters (Todd and Sullivan, 1990), as 
proposed earlier by Jankowska et al. (1968), and 
more recently by Takakusaki et al. (1989, 2001) in 
decerebrate cats.
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In the Mc, we found PS-specific and PS-non-
specific, although discharging selectively during PS 
over quiet W and SWS, descending neurons. They 
had significantly different mean (± SD) conduction 
velocities of, respectively, 8.3 ± 1.4 m/s and 13.3 ± 
5.9 m/s, suggesting that they may use different neu-
rotransmitters and have different functions. Further 
studies combining electrophysiology and single cell 
labeling in chronic cats are necessary to identify the 
neurochemical nature of these Mc cells.
Finally, we will briefly discuss the serotonergic dis-
facilitation hypothesis on GG muscle atonia during 
PS (Kubin et al., 1994, 1996). The HMN receives 
not only monoaminergic excitatory inputs, but also 
glycinergic and GABAergic inhibitory inputs from 
neurons located in the Pc (Li et al., 1997; see also 
Neuzeret et al., 2009). Recently, Lai et al. (2001) 
and Kodama et al. (2003) have reported that stimula-
tion of the mesopontine RF produced a suppression 
of both postural and respiratory muscle tones, and 
simultaneously caused a significant reduction in 
NA and 5-HT release and a significant increase in 
glycine and GABA of similar magnitude in both the 
HMN and the ventral horn of spinal cord. Although 
our findings on the carbachol-induced suppression 
of LC neuronal activity are in favor of a disfacilita-
tory action of NA neurons on GG muscles atonia 
during carbachol-induced PS, NA neurons may not 
contribute to the selective suppression of GG muscle 
activity during naturally occurring PS, because NA 
neurons cease firing as early as light SWS in the cat 
(Sakai and Crochet, 2003) or prior to sleep onset in 
the mouse (Takahashi et al., 2010). NA application 
to the HMN had no excitatory effect on GG muscle 
activity in the cat. This may be due to preferen-
tial activation of a2-adrenoceptors in the cat (see 
Neuzeret et al., 2009). Like the NA neurons, HA 
neurons display waking-selective discharge activity 
in both cats and mice (Sakai et al., 1990; Takahashi 
et al., 2006). The GG muscle atonia-blocking effect 
of HA may thus be pharmacological, but not physi-
ological. The findings, however, might open up new 
pharmacological approaches to increasing airway 
muscle tone during sleep.
On the other hand, the effect of 5-HT does not 
appears to be simply pharmacological, since unlike 
the HA and NA neurons, change in discharge activ-
ity of medullary 5-HT neurons, that project to the 
HMN, is in parallel with that in GG muscle activity 

across the wake-sleep states. During the application, 
however, a slight, but still significant tonic decrease 
in GG muscle activity was observed, together with 
phasic suppression of activity in association with 
PGO and REM bursts. This decrease or suppression 
of GG muscles may be due to the fact that HMN 
motoneurons are only partially stimulated and thus 
they are still under the control of serotonergic excit-
atory inputs. Alternatively, these changes in GG 
muscle activity may be due to decrease in activity of 
GABAergic and/or glycinergic inhibitory premotor 
neurons projecting to the HMN, as suggested by Lai 
et al. (2001) and Kodama et al. (2003). At present, 
nothing is known about the discharge activity of 
these inhibitory premotor neurons across wake-
sleep states. In light of the anatomical findings (Li 
et al., 1997, 1996), it seems likely that a cluster of 
PS-specific Pc neurons that we have described play 
a role of this inhibitory premotor neurons, and a 
cluster of phasic Pc neurons discharging phasically 
during PS in association with PGO and REM bursts 
may play a role in phasic suppression of GG muscle 
activity during PS. Further studies are needed to 
examine these hypotheses.

Summary

Our studies support the existence of multiple slow 
conducting and fast conducting systems in the brain-
stem that control the activity of spinal and orofacial 
motoneurons across wake-sleep states. We propose 
that the PS/atonia-on neurons characterized by their 
most slow conducting property and located in the 
peri-LCa and adjacent LCa of the mediodorsal 
pontine tegmentum play a critical executive role in 
the somatic and orofacial muscle atonia observed 
during PS. Slow conducting medullay PS/atonia-on 
neurons located in the Mc and Pc may play a criti-
cal executive role in the generation of, respectively, 
antigravity or orofacial muscle atonia during PS. In 
addition, either tonic or phasic cessation of activity 
of medullary 5-HT neurons may play an important 
role in the atonia of GG muscles during PS via a 
mechanism of disfacilitation.
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