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SUMMARY 

Rapid eye movement (REM) sleep is characterized by skeletal muscle atonia. The neural 
substrates participating in REM atonia have been identified in the pons and medulla. 
Electrical and chemical stimulations in these areas induces muscle atonia in both the intact 
and the decerebrate animals. Cholinergic, glutamatergic and corticotropin-releasing factor 
(CRF) mechanisms have been found to be involved in muscle atonia. In the medial pons, 
cholinergic, glutamatergic and CRF agonist injection induces muscle atonia. In the medial 
medulla, 2 distinct atonia inducing areas, a rostroventral medulla glutamatergic/CRF and a 
caudal medulla cholinoceptive system mediating muscle atonia have been identified. 
Microdialysis studies find that acetylcholine release in the pons and caudal medulla increases 
during natural REM sleep in the intact cat. Active inhibition of motoneurons from the 
activation of neurons in the pontine inhibitory area and medial medullary reticular formation has 
a role in muscle atonia. The other systems, including locus coeruleus complex, ventral 
paralemniscal tegmental field and retrorubral nucleus, may also contribute to muscle tone 
suppression via inhibitory or disfacilitatory effects on motoneurons. 

Key Words: locus coeruleus, medulla, pons, midbrain, glutamate, acetylcholine, micro-
dialysis, motor control. 

Introduction 
This review concerns experimental studies of REM sleep atonia and the 
mechanisms underlying atonia. The majority of studies have been done on the 
cat, a few experiments on the rat are also included. Muscle atonia in REM sleep 
was first discovered by Jouvet and Michel (1959). REM sleep can be 
subdivided into two phases—tonic and pahsic. Tonic REM sleep includes 
sustained muscle atonia, whereas phasic REM refers to the occurrence of 
muscle twitches superimposed on tonic atonia. An understanding of supraspinal 
regulation of muscle activity in sleep may be relevant to sleep related disorders, 
such as periodic leg movement, REM behavior disorder and obstructive sleep 
apnea. 
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Supraspinal Structures Involved in the 
Inhibition of Motor Activity 
In natural sleep, a complete loss of muscle tone (Jouvet and Michel, 1959) 
and a suppression of spinal reflexes (Gassel et al., 1964, 1965) in REM sleep 
have been reported. These muscle atonia and reflexes suppression could be 
attributed to supraspinal structures. Two areas of the brainstem, the medial 
pons and medulla, have been extensively studied. Electrophysiological studies on 
either intact unanesthetized or decerebrate animals have shown that the 
pontine inhibitory area (PIA) and medial medullary reticular formation play a 
critical role in postural suppression. A physiological role of muscle tone 
regulation for 2 other areas, ventro-caudal midbrain and locus coeruleus (LC) 
complex, have been also discussed. 

Pons-midbrain 

Pontine inhibitory area 
The PIA (Fig. 1) extends from the nucleus reticularis pontis oralis (PoO) and 
the rostral portion of the nucleus reticularis pontis caudalis (PoC) according to 
Taber (1961). Sprague et al. (1948) first reported that electrical stimulation of the 
PoC dorsal to the trapezoid body, produced reflex inhibition bilaterally in the 
decerebrate cat. In the more rostral pons, electrical stimulation in the PoO 
produces muscle tone suppression in neck (Lai and Siegel, 1988) and 
hindlimb muscles (Iwakiri et al. 1994). Fig. 1 shows that inhibitory sites are 
widely diffused from the dorsal to the ventral portion at the junction of PoO 
and PoC while a restricted localized area in the medial portion could be found in 
PoO in the cat. Similar to the cat, electrical stimulation in the PoO and PoC 
also induced reduction of muscle tone in the decerebrate rat (Hajnik et al., 
1995). 

Lesion studies in intact animals have localized the neural structures 
participating in REM atonia. Jouvet (1962) and Carli and Zanchetti (1963) 
showed that lesions in the pontine reticular formation suppressed REM sleep. 
Thereafter, Jouvet and Delorme (1965) found that small lesions in this region 
produced REM sleep without atonia instead of REM sleep suppression. 
Extensive studies in lesions in the dorsolateral pons were performed by 
Morrison and colleagues and Sastre et al. (1978). They found that electrolytic 
lesion in the area ventromedial to the nucleus locus coeruleus (LC) produced 
REM sleep without atonia (Henley and Morrison, 1974; Sastre et al., 1978). 
Further experiments have shown that caudal medial pontine lesion produced 
REM sleep without atonia, while lesions extending more rostroventrally not 
only produced REM sleep without atonia but also expressed different behaviors 
(Hendricks et al., 1982; Morrison, 1988). This pontine lesion-induced REM 
sleep without atonia has been confirmed by other studies using radiofrequency 
thermal lesion (Friedman and Jones, 1984; Jones, 1979; Shouse and Siegel, 
1992). In contrast, neurotoxic kainate lesion in the caudomedial pons fails to 
produce REM sleep without atonia (Sastre et al., 1981). 



Brainstem Mediated Muscle Activity in REM Sleep   71 

The proto-oncogene c-fos is an immediate-early gene expressed in cells in 
response to stimulation. Fos expressing neurons could be identified by 
immunohistochemistry. This technique provides another evidence of brainstem 
participation in muscle atonia. In carbachol-induced REM sleep-like activity, 
fos-like immunoreactive neurons could be found in the PIA (Shiromani et 
al., 1992; Yamuy et al., 1993). This result indicates that neurons in the PIA 
may play an important role in the regulation of muscle activity or in other 
aspects of REM sleep. 

 
Fig. 1.     Sites of pontine-induced atonia by electrical stimulation. 500 msec trains 
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been found in the LCaand peri-LCain natural sleep (Sakai, 1988; Sakai and 
Koyama, 1996). Some REM-on cells have a descending projection to the 
NMC suggesting these REM-on cells in the pons are involved in muscle atonia. 
Injection of cholinergic agonists into the area medioventral to the LC, induce 
postural atonia in unanesthetized (George et al]., 1964; van Dogen et al., 1978) 
and decerebrate animals (Lai and Siegel, 1988; Hajnik et al., 1996). 

Locus coeruleus complex 
Physiologically, LC has been known to modulate the spinal motor system 
(FungandBarnes, 1981, 1987), nociception (Jones, 1991; Margalit and Segal, 
1979; Mokha et al., 1985; West et al., 1993), sensory (Foote et al., 1980; 
Swick et al., 1994), EEG activation (Foote et al., 1980), cardiovascular 
regulation (Ward and Gunn, 1976; Chalmers et al., 1981; Gurtu et al., 1984), 
fear and anxiety (Aston-Jones et al., 1994) and memory (Sara et al., 1988). 
However, the functional aspects of the LC effect on muscle atonia have been 
neglected. Extracellular recording from LC neurons has shown these neurons 
tend to be silent during cholinergic induced muscle atonia/REM sleep in the 
decerebrate cat (Pompeiano and Hoshino, 1976a, 1976b). The decrease of 
neural activity of the LC neurons starts prior to the onset of slow wave sleep, 
and there is a complete absence of activity in REM sleep (Hobson et al., 
1975; Steriade and Hobson, 1976). Further study by Sakai (1980) has 
demonstrated that REM-off neurons which ceases firing during REM sleep in 
the LC, markedly increase in activity during REM sleep-waking transition 
period, just prior to the return of muscle activity. This REM-off neuron has 
been identified as noradrenergic (Aston-Jones and Bloom, 1981). Extracellular 
recording from the narcoleptic dog demonstrates that all REM-off neurons in 
LC complex cease firing during cataplexic attacks (Wu et al., 1996). 
Clonidine which is an a2 receptor agonist and inhibits noradrenergic neuron 
activity, microinjected into the LC produces muscle tone suppression 
(Pompeiano et al., 1987). 

Other systems (pedunculoponline nucleus, ventral paralemniscal tegmental 
field and retrorubral nucleus) 
The most rostral part of the pontine reticular formation, paralemniscal tegmental 
field (FTP) according to Berman's Atlas (1968) and pedunculopontine nucleus 
(PPN) of the mesopontine junction may play a role in the control of muscle 
tone. Electrical stimulation of the ventral portion of the FTP (VFTP) and 
PPN generates muscle tone suppression bilaterally in the decerebrate animal 
(Lai and Siegel, 1990; Hajnik et al., 1995). The latency (Table 1) of VFTP— 
(31 msec) and PPN-induced (27.1 msec) muscle tone suppression is short 
and comparable to those of the pons (18.7 msec) and medulla (16.5 msec). 
Injection of cholinergic agonists into the VFTP induces increases in REM 
sleep in the intact animals (Reinoso-Suarez et al.; 1990). Non-NMDA agonists 
injection into the VFTP produces reduction of muscle tone in the decerebrate 
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rat (Hajnik, et al., 1996). At the midbrain level, the so called A8 area of the 
retrorubral nucleus (RRN), located in between the substantia nigra and ventral 
tegmental area, has also been found to be involved in muscle tone regulation. 
The caudal portion of the RRN forms a continuation of the VFTP. Electrical 
stimulation in the RRN elicits muscle tone suppression with a latency of 36.5 
msec (Lai and Siegel, 1990). 

Table 1.   Latency of muscle tone suppression by electrical stimulation in 
midbrain, pons and medulla 

Nucleus RRN          VFTP           PPN           PIA           NMC         NPM 
Latency (ms)             36.5            31.0             27.1            18.7             16.5            15.4 

NMC: nucleus magnocellularis;NPM:nucleus paramedianus; PIA: pontine inhibitory area; 
PPN: pedunculopontine nucleus; RRN: retrorubral nucleus; VFTP: ventral paralemniscal 
tegmental field. 

We have found that repetitive electrical stimulation in the VFTP and PPN 
elicits reduction of muscle tone during stimulation, while elicited locomotion 
could be seen during the inter-stimulation interval (Lai and Siegel, 1990). 
Neurotoxic NMDA lesions of the ventral mesopontine junction including the 
VFTP and the caudal RRN, induces muscle twitching in decerebrate animals 
(Lai and Siegel, 1997a). We have hypothesized that this ventral mesopontine 
junction area may participate in the regulation of phasic events of REM sleep 
mediated through the nucleus magnocellularis (NMC) in the medulla (detail 
discussed below). 

Medulla 
In 1946, Magoun and Rhines described a global inhibitory effect from the 
medullary reticular formation on spinal motor activity in the decerebrate cat. 
Unilateral electrical stimulation in the medial medulla suppressed spinal reflexes of 
both hindlimbs. The bulbar sites which produce reflex inhibition are located in the 
NMC, nuclei gigantocellularis (NGC) and paramedianus (NPM). Further studies 
have found that stimulation in this medial medulla region inhibits visceral 
reflexes (Alderson and Downman, 1966), sensory-induced reciprocal inhibition 
(Bach, 1950), basal muscle tone (Lai et al., 1987), muscle twitches (Lai and 
Siegel, 1997b), and movement in the intact cat (Schenkel et al., 1998), 
movement in the anesthetized animal evoked by cortical stimulation (Niemer 
and Magoun, 1947) and in the decerebrate cat (Noga et al., 1988; Kinjo et al., 
1990). In the rodent, electrical stimulation in the medial medulla of nuclei dorsal 
paragigantocelluaris, gigantocellularies and gigantocellularis ventralis also elicits 
muscle tone suppression (Hajnik et al., 1995). 

The most potent inhibitory area in the medial medulla in the cat has been 
reported to be located in the rostral medial medulla. However, whether the 
dorsal medulla of the NGC or the ventral NMC generates the maximal effect 
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on muscle activity remains unclear. Using orthodromic stimulation and 
extracellular recording techniques, Mori and colleagues find that NGC neurons 
respond to stimulation of the pontine-induced postural suppression area, while 
NMC neurons respond to stimulation applied to the mesencephalic locomotor 
region (Iwakiri et al., 1995). In contrast, Magoun (1950) and Engberg et al. 
(1968a) have reported that the maximal suppression effect on spinal reflexes 
was originated from NMC stimulation. Our work in the decerebrate cat has 
been consistent that of Magoun (1950) and Engberg et al., (1968a). As shown on 
Table 2, the lowest threshold area to induce muscle atonia has been found to be 
located in the NMC by electrical stimulation. 

 
Electrical stimulation studies have shown that muscle tone suppression 

and reflex inhibition were "state-dependent" in intact animals. Stimulation in 
the NGC produces facilitation of masseteric reflex in waking and quiet 
sleep, while the same stimulation in the same site produces reflex inhibition in 
REM sleep (Chase and Wills, 1979). A recent study in our laboratory has 
found that medial medullary stimulation induces either no effect or a short 
inhibition followed by facilitation of muscle tone in waking, while the same 
stimulation produces muscle tone suppression in non-REM sleep (Schenkel et 
al., 1990). In decerebrate animals, stimulation in the NGC produced no 
effect on monosynaptic reflex and membrane potential of the motoneuron 
before intrapontine carbachol injection. However, suppression of monosynaptic 
reflex and hyperpolarization of spinal motoneuron could be seen after carbachol 
injection into the pons (Pereda et al., 1990). 

Neuronal activity in the NGC and NMC increases during pontine carbachol-
induced atonia and natural REM sleep. Extracellular recording study 
demonstrates that increases in firing rate in NGC neurons parallel the decreases in 
soleus muscle activity during intrapontine carbachol injection (Takakusaki et 
al., 1994). REM-on neurons have been identified in NMC in the cat (Sakai et al., 
1981). Cataplexy-REM-on neurons have been found in the NMC in the 
narcoleptic dog (Siegel et al., 1991). Proto-oncogene c-fos immunoreactive 
neurons could be found in the medial medulla, especially in the NMC, in 
pontine carbochol-induced atonia (Yamuy et al., 1993). On the other hand, 
lesions in the medial medulla produces REM sleep without atonia (Sastre et 
al., 1978; Schenkel and Siegel, 1989), indicating that the medial medulla is a 



final common pathway to regulate muscle atonia in REM sleep. 
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Neural pathway 
Figure 2 summarizes the hypothesized neural pathway in control of muscle 
atonia. Neurons from the limbic system including bed nucleus of the stria 
terminalis, amygdala, hypothalamus-preoptic region and the anterior and 
mediodorsal thalamic nuclei (Holstege, 1991) project to the RRN, VFTP, 
periaqueductal gray (PAG), PPN, LC complex and NMC (Hopkins and 
Holstege, 1978; Saper et a l., 1979; Price and Amaral, 1981;Chiba and Murata, 
1985; Holstege et al., 1985; Hosoya, 1985; Holstege, 1987, 1991; Deutch et 
al., 1988; Wallace et al., 1989; Shammah-Lagnado et al., 1993; Lai et al., 
1994; Zardetto-Smith and Johnson, 1995; Rizvi et al., 1996). A direct projection 
from the limbic system to the spinal cord have also been found (Kuypers and 
Maisky, 1975; Holstege, 1987). Neurons from the RRN, VFTP, PPN and PAG 
have been found projecting to the PIA and NMC by retrograde transport tracing 
studies (Lai et al., 1993a, 1993b). 

 
Fig. 2. Hypothesized neural structures and pathways involved in muscle atonia. 

Neurons in the limbic system project to the bainstem and exert either 
facilitatory or inhibitory effects on the target neurons, which in turn project to 
the medullary relay nuclei and spinal cord. Spinal motoneurons receive 
multiple innervations from pontomedullary neural structures. Muscle atonia 
resulted from the summation of input fiber activity. LDT: dorsolateral 
tegmental nucleus; PAG: Periagueductal gray. 

Neurons in the pons project to the NGC (Matsuyama et al., 1993), NMC 
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(Sakai et ah, 1979; Lai and Siegel, 1988; Lai et al., 1993) and NPM (Shiromani et al., 
1988) which in turn project to the spinal cord (Tohyama et al., 1979; Newman, 
1985). However, a direct projection from the PIA to the spinal cord has also been 
reported (Nyberg-Hansen, 1966; Kuypers and Maisky, 1975, 1977; Matsuyama et 
al., 1997). Anatomical and electrophysiological studies find the neurons in the pons 
send their fibers through the dorsal tegmental field and terminate in the NGC (Ohta 
et al., 1988). Nucleus magnocellularis neurons also receive fiber inputs from the pons. 
Orthodromic stimulation in the pons excitates NMC neurons (Kanamori et al., 1980), 
and pontine neurons can be antidromically activated from the NMC (Sakai et al., 
1981) indicating neurons from pons project to the NMC. Labelled neurons have been 
found in the pons (Sakai et al., 1979; Luppi et al., 1988; Lai et al., 1993b) when 
retrograde tracers were injected into the NMC in the cat, as well as in the nucleus 
gigantocellularis alpha and ventralis in the rat (Gallager and Pert, 1978; Bayev et ah, 
1988). Anterograde PHA-L and autoradiographic studies have demonstrated that the 
nucleus gigantocellularis alpha and ventralis in the rat receive afferents from the pons 
(Jones and Yang, 1985). In our physiological study in the decerebrate cat, we found 
that pontine carbachol-induced muscle atonia could be reversed by unilateral injection of 
the glutamate antagonist, gamma-D-glutamyglycine, into the NMC (Lai and Siegel, 
1988). This result indicates that the NMC is the relay nucleus for the pons in inducing 
muscle atonia. 

Funicular trajectories of descending fibers from the brainstem nuclei have 
been identified. The pioneer study on funicular trajectory was done using 
degeneration and silver impregnation techniques. After lesions in different 
brainstem regions, degenerating fibers, terminal arborizations and terminal 
boutons in the spinal cord could be identified by silver impregnation. Using 
these techinques, Nyberg-Hansen (1965, 1966) was able to identify neurons 
from the PoC that send fibers descending through the ventral and ventrolateral 
funiculi and terminate in laminae VII and VIII. This finding was confirmed by 
anterograde autoradiographic tracing study (Holstege and Kuypers, 1982). 
Anterograde autoradiographic and PHA-L tracing studies have also identified 
fibers from the PoO that descend through the ventral funiculus and terminate in 
laminae VII and VIII of the spinal cord (Holstege and kuypers, 1982; 
Matsuyama et ah, 1993). In the dorsolateral pontine tegmentum, including 
LC and subcoeruleus, descending fibers can be seen in the dorsal, dorsolateral 
ventrolateral and ventral funiculi (Holstege et ah, 1979; Bjorklund and 
Skagerberg, 1982; Kuypers and Huisman, 1982; Carlton et ah, 1985). These 
dorsolateral pontine projection fibers terminate in laminae V-VIII and X, 
throughout all levels of the spinal cord (Holstege et ah, 1979). 

In the medial medulla, neurons from both the NGC and NMC send 
descending fibers through the ventral and ventrolateral funiculi through all 
levels of the spinal cord, and terminate in laminae VI-IX in the cat (Nyberg-
Hansen, 1965,1966; Tohyama et ah, 1979; Johannessen et ah, 1984; Matsuyama 
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et al., 1988, 1995; Mitani et al., 1988). However, a different spinal pathway 
from the NMC has been reported. Descending fibers from the NMC travel 
through ventral and ventrolateral funiculi at the cervical and thoracic, cord 
and then over the dorsolateral funiculus at the lumbosacral level, terminate in 
all levels of spinal cord in laminae V-VIII and X (Holstege et al., 1979; 
Holstege and Kuypers, 1982, 1987). Finally, descending projections from 
the NPM pass via dorsal and lateral funiculi in the spinal cord (Tohyama et 
al., 1979). 

Mechanism of supraspinal inhibition of motor activity 
Stimulation in the medial medulla produces IPSP in both of the extensor and 
flexor motoneurons (Llinas and Terzuolo, 1964,1965; Jankowska et al., 1968). 
Since a long slow positive potential in the motoneuronal pool accompanying 
with the suppression has been recorded, Lettvin and Dell (1950) suggest that 
this medullary inhibitory effect on motoneurons is mediated via the interneurons in 
the spinal cord. Subsequent studies by either intracellular or extracellular 
recording from spinal interneurons have confirmed this hypothesis (Lungberg 
and Vyklicky 1966; Engberg et al., 1968a, 1968b; Jankowska et al., 1968). 
Using the spike-trigger averaging technique, Takakusaki et al. (1989) found 
that stimulation in the medial medulla generated IPSPs in spinal motoneurons 
with a segmental delay of 1.3 ms, indicating at least one interneurons is 
involved. 

Electrical stimulation in the medial pons (Fung et al., 1982) and NGC 
(Chase et al., 1986) induces hyperpolarization of spinal motoneuron in intact 
animals. This brainstem-induced hyperpolarization of spinal motoneuron has 
been hypothesized to be "state-dependent". In waking and quiet sleep, 
stimulation in the pons produced a short latency of hyperpolarizing potential of 
hindlimb motoneuron. However, this same stimulation elicits not only a 
short latency IPSP but also a following longer latency IPSP in the same 
motoneuron during REM sleep (Fung et al., 1982). Similar findings have 
been reported from stimulation in the NGC. Chase et al., (1986) report that 
59% of spinal motoneurons produced a small IPSP and another 41% of the 
cells produced no apparent change in membrane potential with NGC stimulation in 
waking and quiet sleep. On the other hand, the same NGC stimulation in REM 
sleep produced a potent IPSP in all recorded motoneurons. 

For decades, muscle tone inhibition has been hypothesized due to active 
inhibition instead of disfacilitation (Giaquinto et al., 1964; Gottesmann, 1997). 
Glenn and Dement (1981) found that an increases in IPSPs but no decreases in 
EPSP in the spinal motoneurons in REM sleep. This finding led them to 
suggest that muscle atonia during REM sleep is mediated by the activation of 
the medial medullary inhibitory system. However, monoaminergic neurons in the 
pons may play a role in muscle tone suppression through a disfacilitatory effect on 
spinal motoneurons. It has been shown that blockage of LC neuron activity by 
local injection of clonidine produced muscle tone suppression, 
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ipsilateral to the injection side (Pompeiano et al, 1987). Unilateral electrolytic 
lesion of the LC also produces a reduction of muscle tone ipsilateral to the 
lesion side (D'Ascanio et al., 1989). This LC effect on muscle activity led 
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Fig. 3. Putative neurotransmitters involved in muscle atonia. The PIA received 

glutamatergic fibers from the RRN, VFTP, PPN and LDT, while cholinergic 
and CRF input fibers may originate from PPN and LDT. The PPN and 
LDT also send fibers to NPM. In NMC, glutamatergic innervation comes 
from RRN, VFTP and PIA. In spinal cord, both glycinergic and GABAergic 
inputs originate from NMC, and also possible from PIA. The question mark 
from PIA to spinal cord represents an unknown inhibitory pathway. 

injection into the area ventromedial to the LC produced waking with atonia. 
Similar findings have been also reported in the cat and rat (Baghdoyan et al., 
1984; Katayama et al.; 1984; Gnadt and Pegram, 1986; Taguchi et al., 1992; 
Lopez-Rodriguez et al., 1995), These results indicate that muscarinic cholinergic 
receptors are involved in pontine-induced atonia. Further studies using specific 
agonists and antagonists microinjected into the pons, have determined that 
the M2 muscarinic system plays a critical role in pontine-induced atonia 
(Velazquez-Moctezuma et al., 1989, 1991; Imeri et al., 1992). In the more 
rostroventral pons, carbachol injection not only produces long lasting muscle 
atonia but also increases in REM sleep (Reinoso-Suarez et al., 1990). Atonia 
with waking will be found when cholinergic agonists injected into the dorsal 
pons, while ventral pontine injection produces REM sleep with atonia (Rodrigo-
Angulo et al., 1994). 

The NPM of the caudomedial medulla also generates muscle tone 
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suppression when cholinergic agonists are injected into it (Lai and Siegel, 
1988). This cholinergic induced muscle atonia could be blocked by prior local 
injection of atropine, suggesting that a muscarinic receptor is involved (Lai 
and Siegel, 1988). The NPM area has been demonstrated to receive cholinergic 
innervation from the PPN (Shiromani et al., 1988). 

The microdialysis technique has provided another line of evidence regarding 
the neurotransmitters involving in REM sleep and atonia. In the free moving 
animals, acetylcholine release in the pons is increased during natural REM 
sleep (Kodama et al., 1990) or pontine carbachol-induced muscle atonia (Lydic et 
al., 1991). Acetylcholine release in the NPM is also increased during muscle 
atonia induced by either pontine electrical stimulation or carbachol injection in 
both intact and decerebrate animals (Kodama et al., 1992). 

Excitatory amino acids andpeptide 
Our experiments on the decerebrate animals have demonstrated that non-
cholinergic mechanism also participates in muscle atonia in the medial pons. 
Microinjection of corticotropin-releasing factor (CRF; Lai and Siegel, 1992) 
and glutamate (Lai and Siegel, 1988) agonists into the PIA, in which carbachol 
and acetylcholine injection induced atonia, produces muscle tone suppression. 
Further study has determined that nonNMDA but not NMDA glutamate 
agonists are involved in muscle tone suppression (Lai and Siegel, 1991). The 
latency and duration of CRF, glutamate nonNMDA agonists-induced muscle 
atonia are comparable to that of acetylcholine injection (Table 4). In the 
decerebrate rat, the area responsible for cholinergic-induced muscle tone 
suppression in the pons is also responsible for nonNMDA agonists inducing 
atonia (Hajnik et al., 1996). This pontine nonNMDA effect on muscle activity 
has been confirmed by Onoe and Sakai (1995). They find that the nonNMDA 
agonists, kainate and AMPA, but not NMDA agonists microinjected into the 
pons induce increases in REM sleep and atonia in intact animals. 

Table 4. Latency and duration of muscle tone suppression induced by 
agonist injection in the pons and medulla 

  Latency (sec) Duration (min) 
 Pons NMC           NPM Pons NMC NPM 

Ach 25 —               34 7.7 _ 4.1 
CRF 27 19                — 10.6 4.1 — 
Glut 24 18                — 12.9 4.2 — 
KA 37 29                — 9.7 4.5 — 
QA 26 21                — 14.3 13.3 — 

Glut: glutamate; KA: kainic acid; QA: quesqualic acid. 

In the medial medulla, we have identified 2 distinct areas, a rostral NMC 
glutamatergic/CRF and a caudal NPM cholinoceptive (see above), participating 
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in muscle tone suppression (Lai and Siegel, 1988; 1992). As in the pons, the 
NMC area also responses to glutamate and CRF injection. Glutamate agonists 
injected into the NMC but not the NPM produce muscle tone suppression 
bilaterally, and this effect can be blocked by glutamate antagonists, L-glutamic 
acid diethylester and gamma-D-glutamyglycine. As in the pons, nonNMDA 
agonists kainate, quisqualate and willardine but not NMDA agonists 
microinjected into the NMC elicit muscle atonia (Lai and Siegel, 1991). This 
nonNMDA agonist-induced atonia can be blocked by specific nonNMDA 
antagonists, 6-cyano-7-nitroquinoxaline-2, 3-dione and 6,7-dinitroquinoxaline-2, 
3-dione. As with the nonNMDA agonist, CRF injected into the NMC but not 
the NPM elicits muscle tone suppression (Lai and Siegel, 1992). On the other 
hand, cholinergic agonists microinjected into the NMC fails to induce muscle 
tone suppression (Lai and Siegel, 1988). 

In contrast to the nonNMDA agonist-induced muscle atonia, NMDA agonists 
microinjected into the PIA and NMC produced either increases in muscle 
tone or locomotion (Lai and Siegel, 1991). We have hypothesized that imbalance of 
NMDA and nonNMDA receptor activity in the NMC could contribute to 
increases in the generation of phasic events superimposed on the muscle atonia of 
REM sleep. Further support for this hypothesis has come from our recent 
study showing that ventral mesopontine junction lesion-induced muscle 
twitches (Lai and Siegel, 1997a) can be attenuted or blocked by nonNMDA 
agonists injection into the NMC (Lai and Siegel, 1997b). Anatomically, the 
NMC received glutamatergic afferent projections from the ventral mesopontine 
junction (Lai et al., 1993b). 

Inhibitory amino acid 
At the spinal cord level, extensive studies on neurotransmitters participating in 
motoneuron inhibition has been performed by Chase and colleagues. With 
intracellular recording from the lumbar motoneurons and iontophoretic 
application of chemicals, they found that the medulla-induced IPSPs in the 
motoneurons during active sleep were abolished or partially suppressed by 
strychnine, a glycine antagonist (Soja et al., 1987, 1991). This glycinergic 
effect in spinal motoneurons could be also seen in decerebrate animals during 
carbachol-induced REM-like activity (Morales et al., 1987). On the other 
hand, GABA antagonists failed to block these motoneuron IPSPs. 

Spinal interneurons including Renshaw cells and Ia inhibitory neurons exert 
inhibitory effect on motoneurons mediated by GABA and glycine (Cullheim 
and Kellerth, 1981). Glycinergic spinal Renshaw cells and Ia inhibitory 
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