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Abstract

Rapid eye movement (REM) sleep is normally accompanied by a complete suppression of tone in 

the antigravity musculature. Pontine lesions have been shown to block this suppression, producing 

a syndrome of REM sleep without atonia. We now report that glutamate-induced lesions of 

the medial medulla, including the nucleus magnocellularis, caudal nucleus gigantocellularis and 

rostral nucleus paramedianus, produce REM sleep without atonia. These nuclei may function as 

part of a ponto-medullary system suppressing muscle tone in REM sleep.
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Electrolytic and chemical lesion studies have shown that the dorsolateral pons is required 

for the loss of muscle tone characteristic of rapid eye movement (REM) sleep [10, 13, 

17, 26]. Pontine lesions produce a syndrome of REM sleep without atonia (RSWA), in 

which extensive motor activity occurs during a state which otherwise resembles REM sleep. 

Conversely, chemical stimulation of the pons can trigger muscle atonia and other aspects 

of REM sleep [1, 6, 22, 25]. The descending pathway mediating the action of the pontine 

atonia mechanism is not clearly understood. Electrical stimulation of the reticular formation 

of the medial medulla in decerebrated cats, produces a suppression of muscle tone [11, 15]. 

We have found that chemical stimulation of this area also produces muscle atonia [14]. 

However, it has not been demonstrated that the medial medulla is required for muscle atonia. 

Because of its proximity to autonomic and respiratory control regions, electrolytic lesions of 

this area are frequently lethal. In the present study, we report that chemical lesions of the 

medial medulla do produce RSWA.

Four cats (3.6–3.9 kg), were implanted, with sleep recording electrodes [24]. In 3 cats (156, 

157 and 159), a set of 5 pairs of 19 mm-long 23 gauge stainless-steel guide cannulas were 

implanted straddling the midline, 1.0 mm dorsal to the cerebellar surface. After recovery 
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from surgery, 0.5 μl microinjections of either acetylcholine (1.1 M) or glutamate (0.2 M), 

dissolved in Ringer’s solution (pH 7.4), were made in unanesthetized cats (156 and 157) 

through a 33 gauge cannula. Injections were placed at L ± 1 between P8 and P13, between 

H – 6 and H – 10 at 0.5 mm increments in depth. A minimum of 24 h elapsed between 

successive injections through each cannula. A third cat (159) was subjected to control 

insertions of cannulas as well as subsequent microinjections of Glu (0.4 M/0.5 μl) only into 

the cerebellum (P9–P12, L1. H-3). As a further control for cerebellar damage, a fourth cat 

(160) was subjected to an acute lesion procedure. Under Nembutal anesthesia a series of 

25 microinjections were made at a 45° angle to the coronal plane to prevent damage to the 

fastigial nucleus and dorsal vermal region traversed in animals 156 and 157. Microinjections 

of 0.5 μl of 0.4 M Glu were made into the caudal medullary n. gigantocellularis (MNGC), n. 

magnocellularis (NMC) and n. paramedianus (NPM).

ACh and Glu microinjections produced a variety of behaviors within 5 min of injection, 

including head and forepaw movements, and emesis. Cats showed normal REM sleep atonia 

prior to and after the series of medullary ACh injections (Fig. 1, top) but not after the series 

of medullary Glu injections (n = 14 in 156, n = 15 in 157), when RSWA was observed (Fig. 

1, bottom). This sleep stage could be identified by the presence of extreme miosis of the 

pupil, prolapse of the nictitating membrane, PGO spikes, rapid eye movements, and muscle 

tone. The cats did not track objects placed in their line of sight and could be awakened 

from these episodes by tactile or auditory stimulation of the kind sufficient to arouse an 

intact, sleeping cat. The syndrome appeared after the initial medullary Glu microinjections 

in cats 156 and 157, but not when Glu was injected in the cerebellum, as observed in Cats 

156 (prior to the medullary injections) and 159, who as a control was subject to a series of 

cerebellar Glu injections. REM sleep periods with sustained muscle tone, were intermixed 

with REM sleep epochs having some loss of muscle tone, as had been reported in pontine 

lesioned cats [9]. Video analysis revealed that RSWA was characterized by lifting of the 

head, slow lateral movements of the head to both sides, chewing-like movements, pawing 

at the air, extension and alternating movements of all limbs. Quadrupedal locomotion was 

not seen. RSWA was present in cats 156 and 157 for 15 and 27 days respectively, at which 

point they were sacrificed. In cat 160, after the acute series of injections, RSWA was seen 

within 24 h post-injection and persisted throughout a 1-week survival period. Twitching 

of the kind normally observed during REM sleep was exaggerated in all 3 cats with the 

syndrome, and was also observable to a lesser extent during non-REM sleep. The vigor of 

the motor behaviors observed in REM sleep was greater in cat 157 than in cats 156 and 160. 

The waking behavior of the cats after they manifested RSWA was not obviously different 

from that observed prior to the lesions.

Medullary lesions, characterized by significant neuronal cell loss and fiber damage (156, 

157, 160), and extensive gliosis in the animals with longer survival times (156 and 157) were 

observed at levels corresponding to the caudal MNGC, the NMC, and the rostral portion of 

NPM [3] (Fig. 2). No lesions were found in any pontine area. Minor damage was found in 

the fastigial nucleus and the dorsal vermis of the cerebellum in 156 and 157 but not in 160. 

Total aspiration of the medial cerebellum including the fastigial nucleus has been reported 

not to affect REM sleep atonia [12, 19], although one study found some disruption of REM 

sleep atonia after complete ablation of the fastigial nucleus [7].
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The critical lesion for producing RSWA is smaller than the ‘medullary inhibitory area’ 

defined by electrical stimulation, but corresponds to the medullary inhibitory areas defined 

by chemical stimulation [14]. The effective lesions in this study were equal to or smaller in 

volume than those effective in dorsolateral pontine regions [9, 10, 13]. In contrast, massive 

electrolytic and kainic acid lesions in the pontine n. gigantocellularis do not disrupt REM 

sleep atonia [20]. Kainic acid lesions of the lateral pons have recently been shown to 

produce RSWA [26]. Thus both the dorsolateral pons and medial medulla appear to be 

required for the suppresion of muscle tone in REM sleep as previously hypothesized [14, 17, 

20, 23].

HRP injections in the NMC have demonstrated monosynaptic projections from the 

dorsolateral pons [20]. Microinjection of Glu, but not ACh, into this nucleus has been 

shown to produce atonia [14]. Administration of NMDA antagonists in this nucleus blocks 

the atonia elicited by pontine carbachol injections [14]. Similarly, the administration of an 

effective neurotransmitter in the NPM, in this case ACh but not Glu, has been shown to 

produce atonia. Microinjection of ACh antagonists into this nucleus blocks atonia induced 

by pontine carbachol injection [14]. The NPM is known to have a role in the integration 

of posture and blood pressure information [5, 16]. Certain medial medullary neurons have 

high rates of discharge in REM sleep [4, 18, 23]. This convergence of stimulation lesion 

and recording data supports the hypothesis that these nuclei of the medial medulla contain 

neurons mediating the suppression of muscle tone during REM sleep.

RSWA has recently been identified in humans [21]. Cataplexy, the sudden loss of muscle 

tone experienced by narcoleptics, appears to represent a hyperactivity of the mechanism 

responsible for the suppression of muscle tone in REM sleep [2, 8, 23]. Abnormalities in the 

pontomedullary inhibitory system could be reponsible for both of these syndromes.
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Fig. 1. 
Top – normal REM sleep present prior to glutamate microinjections in cat 157. Bottom – 

REM sleep without atonia after glutamate induced lesions of the medial medulla (cat 157). 

EEG, sensorimotor electroencephalogram; EOG, electrooculogram; EMG, electromyogram; 

LGN, lateral geniculate activity.
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Fig. 2. 
Lesion reconstruction in cats 156, 157 and 160. Damage includes the caudal portions 

of the medullary nucleus gigantocellularis, nucleus magnocellularis and rostral nucleus 

paramedianus. Sections are drawn according to the plates of the Berman [3] atlas. 5T, 

spinal trigeminal tract; 7G, genu of the 7 nerve: 7L, facial n., lateral; 7M, facial n., medial; 

12, hypoglossal n.; C, cuneate n.; IO, inferior olive; NGC, n. gigantocellularis; NMC, n. 

magnocellularis; NPM, n. paramedianus; P, pyramidal tract; PH, n. praepositus hypoglossi; 

RB, restiform body; VI, inferior vestibular n.; VLD, lateral vestibular n., dorsal; VLV, lateral 

vestibular n., ventral; VM, medial vestibular n.; SA, stria acustica.
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Fig. 3. 
Top – photomicrograph showing lesioned areas in cat 157. Bottom – magnification of the 

area indicated on top section.
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