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Summary: Neurons in the dorsolateral pontine reticular formation, in interaction 
with other brainstem and forebrain regions, generate the basic phenomena of 
rapid-eye-movement (REM) sleep. Non-REM sleep is the product of multiple 
control mechanisms in the forebrain and brainstem. Despite considerable progress 
in the identification of generation mechanisms, the functions of sleep remain a 
mystery. I hypothesize that REM sleep has a role in the regulation of receptor 
sensitivity in the central and peripheral nervous systems. Key Words: Rapid-
eye-movement sleep—Non-rapid-eye-movement sleep—Nucleus soli-tarius—
Raphe—Locus ceruleus—Basal forebrain—Acetylcholine—Norepi-nephrine. 

The purpose of this paper is to provide a general review of the current stajus of re-
search on the neural control of sleep states. In order to put current research into 
perspective, it is helpful to recall the state of knowledge about sleep control that 
existed in the 1950s. At that time, sleep was thought to be a unitary process with 
varying levels of consciousness and corresponding changes in the relative proportion of 
high-voltage slow EEG waves in cortical recordings. The concept of a reticular 
formation in the core of the brainstem provided an anatomical substrate for the regu-
lation of the sleep-wakefulness continuum. At minimal levels of activity in the 
reticular core, the maximal intensity of sleep, with its high-voltage EEG waves, was 
seen. Sensory inputs to the reticular core were thought to control its activity, thus 
providing an explanation for the arousing effects of sensory stimuli. However, this 
concept did not explain the fact that the complete removal of sensory inputs did not 
increase sleep or prevent sleep-wake cycles (Batsel, 1964). The discovery of rapid-
eye-movement (REM) sleep (Aserinsky and Kleitman, 1953) further complicated 
this picture, since it soon became apparent that REM sleep was as different from 
non-REM (NREM) sleep as both stages of sleep were different from wakefulness. 
We now knowthat the control mechanisms for REM and NREM sleep are anatomi- 

Address correspondence and reprint requests to Dr. J. M. Siegel at Neurobiology Research 151A3, 
Sepulveda Veterans Administration Medical Center, Sepulveda, CA 91343, U.S.A. * 

,49 



J. M. SIEGEL 

cally distinct. REM sleep is controlled by a relatively discrete system located in 
the pons, where NREM sleep is controlled by multiple systems, with crucial 
neuronal groups in the basal forebrain, hypothalamus, midbrain, pons, and medulla. 
Recent work has enabled the identification of the neuronal groups and 
neurotransmitter mechanisms involved in REM and NREM sleep control. 

This paper reviews the basic phenomenology of REM and NREM sleep and de-
scribes the data relevant to the anatomical localization of the brain systems generating 
these states. Some speculations on the functional role of these states are then offered. 

PHENOMENOLOGY OF NREM SLEEP 

Traditionally, emphasis has been placed on the EEG correlates of sleep as a primary 
defining feature. Sleep onset is accompanied or followed by EEG spindle activity, 
depending on the defining criteria selected (Rechtschaffen and Kales, 1968; Ursin and 
Sterman, 1981). Spindles are high-voltage bursts of EEG activity in the 12-14-Hz 
range. Spindles become intermixed with 1-4-Hz slow waves as sleep progresses. In both 
humans and animals, the ratio of slow waves to spindles has been used to identify 
stages of NREM sleep. In cats, NREM sleep Stages 1 and 2 are scored, whereas in 
humans a subdivision into four NREM sleep stages has been made, with Stage 4 
having the greatest proportion of slow waves. 

Although EEG synchrony has been the most studied of NREM sleep signs, other 
physiological variables are equally characteristic and central to NREM sleep. Muscle 
tone is reduced, but not absent, in NREM sleep. Temperature and respiratory 
regulation are intact (Phillipson, 1978; Harper etal., 1988; Parmeggiani, 1988). Neuronal 
activity in the brainstem reticular formation is reduced from waking levels to the 
lowest levels that occur during the sleep-wake cycle (Siegel, 1979). In the cerebral 
cortex, unit discharge rates are also reduced in NREM sleep. There is a profound fall in 
blood flow, correlated with decreased glucose utilization in the brain. This blood 
flow decrease is present in all neocortical and some subcortical regions, consistent with 
the generalized decrease in unit discharge found in the brain (Kennedy et al., 1982; 
Ramm and Frost, 1986; Meyer et al., 1987). To summarize, NREM sleep is characterized 
by a widespread reduction in brain activity and energy usage correlated with EEG 
voltage increases and by a maintenance of autonomic regulation. However, there are 
a few very important exceptions to this general rule of reduced brain activity during 
NREM sleep, as described below. 

WHERE IS NREM SLEEP GENERATED? 

Extensive studies have led to the conclusion that NREM sleep generation in-
,volves interactions among several brainstem, diencephalic, and forebrain cell 
groups. A striking feature of the organization of NREM sleep mechanisms is that, 
whereas in the intact animal this entire network is involved, it is possible to see many of 
the signs of NREM sleep in either half of the brain after transections of the neur-axis. 
Thus, it appears that there are multiple generators for NREM sleep that can 
independently produce local aspects of this state in either brainstem or fore-
brain. 
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The most caudal region implicated in NREM sleep control is the region of the 
nucleus of the solitary tract. Low-frequency stimulation of this structure can produce 
short-latency sleep onset (Magnes et al., 1961). Stimulation of the baroreceptor 
afferents to this area can also produce rapid sleep onset with relatively short latency to 
REM sleep (Puizillout and Foutz, 1977). Cooling and obstruction of blood flowto the 
medulla is associated with arousal, as would be expected if one were inactivating a 
hypnogenic region (Berlucchi et al., 1964). A population of neurons in this area that is 
maximally active in NREM sleep has been identified (Eguchi and Satoh, 1980). 

In NREM sleep, the role of the raphe system, the midline serotonergic system of the 
brainstem, remains unclear. Depletion of serotonin with the synthesis inhibitor /7-
chlorophenylalanine (PCPA) produces insomnia that can be rapidly reversed by 
injection of the serotonin precursor tryptophan (Pujol et al., 1971). Recent work has 
identified the anterior hypothalamus as perhaps the critical site for the action of 
serotonin in reversing PCPA insomnia (Jouvet et al., 1989). However, recording 
studies have found that raphe neurons discharge regularly in wakefulness, slowly in 
NREM sleep, and not at all in REM sleep (McGinty and Harper, 1976), not a pattern 
consistent with the depletion data indicating an active role for serotonin in inducing 
NREM sleep. One possible resolution to this discrepancy is to postulate that serotonin 
has some action in wakefulness that facilitates subsequent NREM sleep. 

Shute and Lewis (1967) originated the concept of an ascending cholinergic acti-
vating system. This fit well with extensive data showing loss of behavioral respon-
siveness and EEG synchrony after damage to the midbrain reticular formation 
(Lindsley et al., 1949,1950) and arousal after stimulation of this area. Recent work 
has helped identify the cellular components of this system, which originate in the 
pedunculopontine (PPN) and laterodorsal tegmental (LDT) nuclei of the dorso-
lateral pons (Jones and Beaudet, 1987; Vincent and Reiner, 1987; Shiroma'ni et al., 
1988). It has long been known that acetylcholine (ACh) release was maximal in 
states of desynchronized or low-voltage EEG, and minimal in NREM sleep (Kanai 
and Szerb, 1965; Celesia and Jasper, 1966). These data suggest that cholinergic 
neurons of the pons and midbrain produced the EEG desynchrony and associated 
arousal of waking and that their inactivity produced NREM sleep. A problem for the 
hypothesized role of the cholinergic ascending system in NREM sleep control is the 
lack of EEG changes after extensive cytotoxic lesion of these neurons. These lesions 
produce little increase in sleep and few EEG changes (Webster and Jones, 1988). 
Webster and Jones (1988) hypothesized that, although brainstem cholinergic systems 
may normally contribute to arousal, in the absence of brainstem cholinergic input, 
forebrain and noncholinergic brainstem systems are able to maintain EEG 
desynchrony and waking behavioral states. Recent work has indicated that 
brainstem ACh neurons do not have direct projections to cortex (Pare et al., 1988; 
Smith, 1988; Steriade et al., 1988). Therefore, changes in cortical ACh level must 
result from changes in the activity in diencephalic ACh containing neurons in the 
basal forebrain region, which may be under the control of brainstem systems. 

Extensive work by Steriade and colleagues has identified thalamic generators as 
the source of spindle activity in NREM sleep (see Steriade, 1989, for review). He has 
shown that the nucleus reticularis, a nuclear shell surrounding much of the thala- 
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mus, is both necessary and sufficient for the generation of spindle activity in 
thalamic nuclei and in their cortical projection regions. The nucleus reticularis is in 
turn under the control of midbrain reticular elements, including those employing 
ACh as a transmitter. 

Clinical observations and lesion studies led to the concept of a waking center in the 
posterior hypothalamus. Lesions and chemical inactivation of this area produced 
hypersomnia (von-Economo, 1918; Ranson, 1939; Nauta, 1946; Lin et al., 1989). 
Unit recording studies have found cells in this region that are "waking-active" 
(Vanni-Mercier, 1985). 

This waking center may work reciprocally with a sleep center in the preoptic hypo-
thalamic-basal forebrain region, the most rostral region shown to be critical in 
NREM sleep control. (The term basal forebrain is used to include the nucleus of the 
diagonal band, the substantia innominata, and lateral preoptic area.) Electrical 
stimulation of the basal forebrain has been shown to induce NREM sleep at short 
latency. Indeed, it is the only site at which high-frequency stimulation has been 
shown to induce sleep (Sterman and Clemente, 1962). Both electrolytic and chemical 
lesions of this area produce a profound insomnia, with a permanent reduction in 
NREM sleep time (McGinty and Sterman, 1968; Szymusiak and McGinty, 1986). 
The most definitive evidence for a normal role of this region in NREM sleep control is 
the discovery of a class of sleep-active neurons in the basal forebrain (Szymusiak 
andMcGinty, 1986) and preoptic area (Kaitin, 1984). In contrast to the vast majority of 
brain neurons that reach their lowest discharge levels in NREM sleep, these cells are 
maximally active in NREM sleep. They have been shown to project to the cortex and to 
interact with midbrain regions (McGinty and Szymusiak, 1988). These neurons are 
th^rmosensitive, thus providing a basis for the facilitation of sleep by fever and 
possibly for a normal role of body temperature oscillations in sleep regulation. 

WHAT IS REM SLEEP? 

In intact, adult humans, REM sleep is identified by the simultaneous presence of a 
desynchronized (i.e., relatively low-voltage) cortical EEG, an absence of activity in the 
antigravity muscles (atonia), and periodic bursts of rapid eye movements. The rapid-
eye-movement bursts are often accompanied by changes in respiration and by 
phasic muscle activity. In human infants and in many young animals, active 
sleep—the ontogenetic precursor of the REM sleep state—is not accompanied by 
tonic cortical EEG desynchrony or muscle atonia and must be identified by the 
phasic muscle twitches and eye movements that recur during the quiescent state. 
Studies with deep electrodes have established that, whereas cortical EEG is highly 

desynchronized in the REM sleep state, hippocampal EEG is highly synchronized * at a 
4-10-Hz (theta) frequency. Hippocampal theta can also be observed in active waking, 
particularly during certain classes of movements, at times when neocorti-cal EEG is 
maximally desynchronized (Vanderwolf and Robinson, 1981). 

Another subcortically observed phenomenon that is characteristic of REM sleep is 
ponto-geniculo-occipital (PGO) spikes. These waves, which are generated in the pons 
(Jouvet, 1962), propagate rostrally through pathways in the vicinity of the 
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brachium conjunctivum (Laurent and Guerrero, 1975; Sakai et al., 1976) and project 
through the lateral geniculate and other thalamic nuclei (Hobson et al., 1969) to the 
cortex. The PGO spikes are thought to be a pacemaker that drives many of the phasic 
events of REM sleep. Among the most significant of these phasic events are eye 
movements, changes in respiration (Orem, 1980), and changes in heart rate (Baust 
et al., 1972). 

One phenomenon that is unique to REM sleep is the loss of activity in the anti-
gravity musculature (Jouvet, 1962). Recordings of dorsal neck electromyography 
(EMG) in animals and submental EMG in humans are particularly useful in state 
classification. In most animals, only the diaphragm and extraocular muscles retain 
substantial tone during REM sleep. However, atonia is not complete in all animals. 
REM sleep neck muscle tone is well documented in the rabbit and bird, and is 
probably present in other animals and in particular muscle groups in a number of 
animals (Klein et al., 1964; Tradardi, 1966; Pivik et al., 1981). The muscle atonia of 
REM sleep may be interrupted by muscle twitches, which accompany bursts of PGO 
spikes and eye movements. During REM sleep, sympathetic tone is dramatically 
decreased (Baust et al., 1968; Reiner, 1986), contributing, along with disinhibition of the 
Edinger Westphal nucleus (Villablanca, 1966), to miosis of the pupil, changes in 
cardiovascular function, and other peripheral autonomic effects (Baust et al., 1971, 
1972). Indeed, this reduction in sympathetic tone may be one of the most fundamental 
and functionally important aspects of this state. 

All of the above-mentioned EEG, EMG, and autonomic phenomena can be 
readily explained in terms of changes in neuronal activity. Thus, the neocortical EEG 
desynchrony results from the asynchronous activity of thalamocortical projection 
neurons. The change in thalamic activity produces a change from synchronized 
rhythmic activity in adjacent cortical neurons, at approximately the frequency ob-
served in surface electrodes, to a pattern of desynchronized activity with Idng bursts 
and pauses in unit discharge. Unit activity rate does not change in all cortical re-
gions from NREM sleep to REM sleep, but the pattern changes dramatically (Evarts, 
1964). During NREM sleep, the irregular, behavior-dependent, waking discharge 
patterns change to a regular burst pause pattern. The summed excitatory postsyn-
aptic potentials (EPSPs) and inhibitory postsynaptic potentials (IPSPs) underlying 
this discharge produce the EEG spindles (Steriade and Llinas, 1988) and slow waves of 
this state. 

The loss of activity in antigravity muscles results from a cessation of discharge in the 
motoneurons supplying these muscles. Intracellular recordings have demonstrated 
that this cessation results from a hyperpolarization of the motoneurons. This 
hyperpolarization occurs only in REM sleep and is thought to result from activity 
in brainstem cells projecting to motoneuron pools and inhibitory spinal 
interneurons (Chase and Morales, 1989). 

'   WHERE IS REM SLEEP GENERATED? 

One can cut through the midbrain in the coronal plane, so as to separate the 
brainstem from the diencephalon and telencephalic structures. Animals with such 
lesions manifest a striking dissociation between polygraphically defined states in 
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the forebrain and brainstem, i.e., by transecting the neuraxis, two independent 
generators of behavioral state are created, one rostral and one caudal to the transec-
tion. When transections are placed at levels D or E in Fig. 1, all the brainstem signs of 
REM sleep can be recorded caudal to the cut. Thus, atonia, rapid eye movements, and 
PGO spike bursts, as well as a REM sleep-like activation of reticular formation units, 
occur in a regular ultradian rhythm (Jouvet, 1962; Villablanca, 1966; Pompe-iano and 
Hoshino, 1976). 

The forebrain of animals with transections at levels D and E (Fig. 1) shows both 
synchronized and desynchronized states that alternate spontaneously (Villa-
blanca, 1965). During desynchronized states, vertical pursuit eye movements and 
changes in pupil diameter can be evoked by external visual stimuli. The stereotyped 
pattern of spontaneous rapid eye movements with myosis that characterizes REM 
sleep is not present (Batini et al., 1958; Villablanca, 1965). Therefore, the desyn-
chronized state seen in the rostral portion of these preparations closely resembles 
wakefulness. 

Because of the presence of REM sleep caudal to midbrain transections and the 
absence of REM sleep signs rostral to such transections, one may conclude that 
structures rostral to the midbrain are not required for REM sleep and that structures 
caudal to the midbrain contain neurons that are sufficient to generate REM sleep. 

Transection at the junction of the spinal cord and medulla (Fig. 1, level A) does 
not prevent all of the signs of REM sleep from occurring rostral to the cut (Adey et 
al., 1968; Puizillout et al., 1974). Thus, spinal mechanisms are not essential for the 
generation of REM sleep. , 

From the above we may conclude that structures caudal to the midbrain and 
rostral to the spinal cord are necessary for REM sleep. 

We have carried this technique one step further by transecting between the*medul-la 
and pons and maintaining the animals for extended periods to allow the fullest 
possible recovery from the transection (Fig. IB) (Siegel et al., 1986). As was the case 
with midbrain sections, the brain regions rostral and caudal to the cut produce 
independent, physiologically defined states. The medulla cycles regularly between an 
activated state and a quiescent state. The activated state is characterized by high levels 
of muscle tone identical to those seen in active waking and by accelerated 
respiration and heart rate. The quiescent state is characterized by lower levels of 
muscle tone, resembling those seen in NREM sleep, and slow regular respiration. 
Periods of muscle atonia are not seen after transections at the pontomedullary junction. 
Unit activity in the medial medulla of the medullary animal during the quiescent state 
resembles that seen in this region in NREM sleep, i.e., it is slow and regular. Thus, the 
respiratory regularity, the low level of muscle tone, the lack of eye movements, and 
the unit activity are similar to the conditions of NREM sleep. This indicates either that 
medullary regions, such as the nucleus of the solitary tract, are capable of generating 
the medullary signs of NREM sleep in the absence of rostral regions, or that the 
isolated medulla does not require any active hypnogenic influence to produce the 
physiological signs of NREM sleep. In the medullary cat, medial medullary unit 
activity during the activated state increases, as it does in waking in the intact animal. 
However, medial medullary neurons do not showthe characteris- 
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tic burst-pause discharge pattern seen in REM sleep. Therefore, the medulla and 
spinal cord, disconnected from rostral structures, show spontaneous variations in 
levels of arousal and NREM sleep-like states but do not show the medullary signs of 
REM sleep. Structures caudal to the pons are not sufficient to generate REM 
sleep. 

A very different picture is seen in rostral structures after transection between the 
pons and medulla (Fig. 1, level B) (Siegel et al., 1984). Three states can be distinguished 
rostral to the transection. The first is an EEG-synchronized state without PGO spikes, 
resembling NREM sleep. Thus, both the medulla and forebrain show independent 
NREM sleep-like states after these transections. The second state is a desynchron-
ized state without PGO spikes, resembling wakefulness. The third state is a desyn-
chronized state with PGO spikes. The PGO activity occurs in irregular bursts and as 
isolated spikes in a manner very similar to that seen in REM sleep. Midbrain 
reticular units show irregular burst-pause patterns of discharge in conjunction with this 
third state, as they do in REM sleep (Siegel, 1985). There are, however, certain 
differences between this state and the REM sleep state seen in intact animals. In 
transected animals, the state may last for hours, compared to a maximum of 20-30 
min in intact cats. Furthermore, while rapid eye movements often accompany the 
PGO bursts of this state, they may also be dissociated from them. 

From the above one can see that when the pons is connected to midbrain and 
forebrain structures, most of the defining signs of REM sleep are seen in these rostral 
structures. When the pons is connected to the medulla and spinal cord, as in the 
midbrain decerebrate animal, most of the defining signs of REM sleep are seen in 
caudal structures. After all of these transections, NREM sleep-like states are seen on 
both sides of the transection. 

One can then transect through the middle of the pons (Fig. 2, level C) and again 
ask the question, "Which side has REM sleep?" (Siegel et al., 1984,1986). After this 
transection, the caudal pons and medulla shift between the aroused and quiescent 
states seen in the medullary animal (Siegel, 1985). No atonia or other signs of REM 
sleep are present. The rostral pons and forebrain show desynchronized, wakeful-
ness-like states and synchronized NREM sleep-like states. The synchronized states 
may be accompanied by PGO spikes and PGO spike bursts, resembling those seen in 
NREM sleep and REM sleep transitions. However, midbrain unit activity is 
greatly decreased at these times, directly the opposite of the pattern seen in REM 
sleep in the intact animal. PGO spikes do not occur in the EEG-desynchronized 
state. Therefore, with this midpontine transection we have reached the limit of the 
transection technique. The major defining characteristics of the REM sleep state 
are absent on both sides of the transection, even in chronically maintained 
animals. 

Although the foregoing indicates that the pons is necessary for the generation of 
REM sleep-like states in both rostral and caudal structures, one may ask, "Is the 
pons in and of itself sufficient to generate the pontine aspects of REM sleep?" One can 
monitor REM sleep signs after transecting both rostral and caudal to the pons, 
producing an acute, isolated pons preparation (Matsuzaki, 1969) (Fig. 1, levels B 
and D). In this case, the pons continues to generate periodic episodes of rapid eye 
movements and PGO spikes in a pattern that, in the intact animal, is seen only in 
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FIG. 2. Coronal section of the feline pons shows the overlap of regions involved in REM sleep control. 
Coronal sections 3.1 and 4.0 mm caudal to stereotaxic zero. Abbreviations: BC, brachium conjuncti-
vum; 5-M, motor nucleus of the trigeminal; PT, pyramidal tract. (Reproduced with perroission from 
Siegel and Rogawski, 1988.) 
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REM sleep. Neuronal activity has not been monitored in this preparation. How-
ever, the presence of PGO spikes and rapid eye movements in a REM sleep-like 
pattern is impressive evidence of pontine control of these basic aspects of REM 
sleep. 

In an attempt to further localize the neurons generating REM sleep, a number of 
investigators have removed portions of the pons within the region defined as critical 
by transection studies. The first comprehensive study of this problem (Carli and 
Zanchetti, 1965) found that lesions that destroyed the bulk of the nucleus reticularis 
pontis oralis (RPO)—the designation for the rostral pontine reticular formation— 
permanently eliminated REM sleep. Further studies have concluded that the lateral 
rather than the medial portion of RPO is critical (Sastre et al., 1981; Drucker-Colin 
and Pedraza, 1983; Friedman and Jones, 1984). This small region might be critical 
either because it contains the somas of cells involved in REM sleep generation or 
because major axonal pathways transverse it. A recent study attempted to 
distinguish between these possibilities by using the cytotoxin kainic acid to remove 
cells in this region while doing minimal damage to axonal tracts (Webster and 
Jones, 1988). It was found that these lesions disrupted REM sleep. To summarize, the 
lateral regions of the RPO (L2-L4 in the cat), ventral to the locus ceruleus, is the brain 
region most critical for REM sleep. This very small area comprising just a few cubic 
millimeters of tissue apparently recruits the massive change in brain neuron-al 
activity that is REM sleep. 

Pontine lesions can produce the syndrome of REM sleep without atonia (Jouvet 
and Delorme, 1965; Henley and Morrison, 1974). Animals with these lesions have 
relatively normal NREM sleep. During sleep they have periods of desynchronized 
EEG, rapid eye movements, miosis, and PGO spikes as seen in normal REM sleep. 
However, rrtuscle tone is present throughout these periods. The critical lesions for 
producing this effect are much smaller than those required to block the REM sleep 
state. Depending on the exact placement of the lesion (Hendricks et al., 1982), the 
animal's motor activity during this state will range from a slight raising of the head to 
elaborate displays of exploratory, aggressive, and other behaviors. The animal 
remains generally unresponsive to the environment during these displays and can be 
"awakened" by strong stimulation. This syndrome also occurs in humans 
(Mahowald and Schenck, 1989), although many of these patients do not have neuro-
logical signs indicating gross brainstem lesions. 
A loss of muscle tone can be evoked by injection of the cholinergic agonist car-

bachol or the cholinesterase inhibitor physostigmine into the dorsal pons. The 
region where injection produces the most immediate and complete loss of tone cor-
responds very well with the region that, when lesioned, produces REM sleep without 
atonia. Depending on the exact injection site, carbachol may evoke only atonia of 
*the skeletal muscles without other signs of REM sleep. The animal may demon-
strate perception of the outside environment by visually tracking stimuli with its 
extraocular muscles (Mitler and Dement, 1974; Katayama et al., 1984). Larger in-
jections or injections at other pontine sites can produce the full REM sleep pattern 
(George et al., 1964; Baxter, 1969; Amatruda et al., 1975; Van Dongen et al., 1978; 
Baghdoyan et al., 1984; Shiromani et al., 1986). Studies in the decerebrate cat have 
demonstrated that the pontine atonia region can be activated by glutamate as well as 
carbachol (Lai and Siegel, 1988). Non-JV-methyl-D-aspartate receptors mediate 
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the glutamate effect (Lai and Siegel, 1988), whereas muscarinic M2 receptors mediate 
the cholinergic effect (Moctezuma et al., 1989). 

A second area in which stimulation can elicit atonia is the medial medulla. Ma-
goun and Rhines (1946) first reported that electrical stimulation of this area in the 
decerebrate cat produces an immediate loss of muscle tone. Recent studies (Lai and 
Siegel, 1988) have shown that glutamate stimulation of the nucleus magnocellularis 
and cholinergic stimulation of the nucleus paramedianus of the medial medulla 
will produce atonia. We hypothesize that these two distinct areas within the medial 
medulla mediate the atonia triggered in REM sleep by pontine activation. Lesions of 
these medial medulla cell groups have recently been shown to produce REM sleep 
without atonia (Schenkel and Siegel, 1989), as do lesions of the dorsolateral pons. 
Thus, stimulation and lesion data indicate the essential role of both pontine and 
medial medullary regions in the suppression of muscle tone in REM sleep. 

1 UNIT RECORDING STUDIES 

REM Sleep-on Cells 

Guided by lesion, stimulation, and anatomical data, researchers have recorded 
from the pons in order to observe the activity of neuronal elements that might be 
involved in REM sleep generation. The lateral pontine reticular formation (Sakai, 
1980) and medial medulla (Siegel, 1979; Sakai, 1980) contain a population of cells that 
discharges at a high rate throughout REM sleep and that has little or no activity in 
NREM sleep. In wakefulness, these cells are generally sifcnt, even during vigorous 
movement; however, some are active during head lowering and related postural 
changes that involve reductions of tone in a number of muscles (Siegel et al., 1979). 
The pontine REM sleep-on cells are distributed throughout the lateral pontine region 
implicated by lesion studies in REM sleep control (Sakai, 1980; Shiromani et al., 1987). 
This distribution is significant, since it indicates that the critical lesion does not 
merely interrupt fibers of passage in the critical area, but also removes the somas of 
cells that are selectively active in REM sleep. Figure 2 summarizes the current state of 
our knowledge about the anatomical relation of pontine mechanisms responsible for 
REM sleep and carbachol atonia, REM sleep-on and REM sleep-off cells, and lesions 
blocking REM sleep. 

A recent paper reports that REM sleep-on cells in this lateral region are not cholinergic 
(Shiromani et al., 1987), although it is likely that they are cholinoceptive. Aminergic 
neurons are also not present in this region. Thus, the transmitter employed by these cells 
remains unknown. The medullary REM sleep-on cells are located in an area receiving 
projections from the pontine REM sleep-on region (Sakai et . al., 1979). 

Noradrenergic Cells of the Locus Ceruleus Complex and Serotonergic Cells 
of the Raphe System 

Cells in both of these regions have a similar discharge pattern during the sleep-
wake cycle. During wakefulness, discharge is relatively regular, in contrast to the 
burst-pause discharge pattern seen in most medial reticular neurons. During the 
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initial stages of NREM sleep, these cells slow slightly. During the transition to REM 
sleep (defined in the cat as the time at which PGO spikes begin appearing), discharge in 
both serotonergic and noradrenergic cells slows dramatically. During REM sleep, 
these cells have their lowest discharge rates, and many are completely silent (Hobson 
et al., 1975, 1983; McGinty and Harper, 1976; Aston-Jones and Bloom, 1981; 
Jacobs et al., 1981). The significance of these unit activity patterns for REM sleep 
control is unclear. The slowing of discharge in these cells in NREM sleep argues 
against the hypothesis that increased release of serotonin or norepinephrine triggers 
NREM sleep. The minimal discharge rate of these cells in REM sleep also argues 
against the hypothesis that they are required for REM sleep (Siegel and 
Rogawski, 1988). The complete absence of discharge in REM sleep does suggest 
that these cells may have a role in gating, inhibiting, or disinhibiting some aspect of 
REM sleep. 

We can summarize the present state of our knowledge about the localization of 
mechanisms generating REM sleep as follows. Transection studies have determined 
that the pons is sufficient to generate much of the phenomenology of REM sleep. 
Lesion studies have identified a small region in the lateral pontine tegmentum cor-
responding to lateral portions of the RPO and the region immediately ventral to the 
locus ceruleus, which is required for REM sleep. Unit recording studies have found a 
population of cells within this region that is selectively active in REM sleep. 
Whether this small region is sufficient for REM sleep generation, in the same sense 
that the suprachiasmatic nucleus is sufficient to generate a circadian signal (Kawa-
mura and Inouye, 1979), is unknown. Nevertheless, it has become clear that much of the 
mechanism that drives this very complex behavioral state is localized to a very small 
portion of the brainstem. Having stated this, it should also be emphasized that, in 
the intact animal, many brain regions distant from the pons actively participate in the 
control of the REM sleep state. Obviously the phenomenology of REM sleep, such as 
muscle atonia, cortical desynchrony, rapid eye movements, alteration of sensory 
thresholds, and autonomic changes, require the recruitment of many brain systems. 
What is not always appreciated is the more subtle role of nonbrain-stem systems in 
shaping REM sleep. Although the decerebrate animal has the basic brainstem 
physiology of REM sleep, closer inspection reveals substantial differences between 
the REM sleep of the isolated brainstem and the REM sleep of the intact animal. 
PGO spikes and associated eye movements in the decerebrate animal come in 
regular alternating clusters, distinct from the irregular pattern seen in the intact animal 
(Jouvet, 1962; Hoshino et al., 1976). Removal of the cerebellum, although not 
blocking REM sleep, alters the amplitude of PGO activity (Morrison and Bowker, 
1975; Gadea-Ciria, 1976a). Lesions of the frontal cortex dramatically alter the 
amplitude and pattern of spiking (Gadea-Ciria, 1976b). The PGO spike drives the eye 
movements of REM sleep, which in humans are related to dream imagery (Dement 
and Kleitman, 1957; Roffwarg et al., 1962; Jacobs et al., 1972; Koulack, 1972). 
Therefore, one must not view the rest of the brain as merely as passive responder to a 
REM sleep state generated in the pons. Instead, present evidence suggests a dynamic 
interaction between forebrain and other systems in molding the structure and timing 
of PGO spikes, and in all likelihood the dream imagery of REM sleep. 
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WHAT IS THE FUNCTION OF REM SLEEP? 

While our knowledge of mechanism has increased enormously over the last 20 
years, the question of the function(s) of sleep remains in the realm of speculation, in 
stark contrast to that of other behavioral activities occupying substantially smaller 
amounts of time. Several long-standing theories have suggested that a primary 
function of NREM sleep may be to act as part of a system enforcing behavioral 
inactivity at inopportune times and facilitating metabolic energy conservation and 
thermoregulation (Zepelin and Rechtschaffen, 1974; Berger, 1975; Rechtschaffen et 
al., 1989). However, there is little consensus as to the function of REM sleep. We 
offer the following speculation. 

The changes in brain unit activity during REM sleep should provide a clue to its 
function. In reviewing the neurophysiological findings on REM sleep, a seeming 
paradox emerges. There are two kinds of cells with unit activity changes unique to 
REM sleep: REM sleep-on and REM sleep-off cells. Convergent evidence from 
lesion and stimulation studies implicates the REM sleep-on cells of the lateral pon-
tine reticular formation and medial medullary reticular formation in REM sleep 
generation. However, the dramatic cessation of activity in noradrenergic cells of the 
locus ceruleus, located immediately dorsal to the region critical for REM sleep, and in 
the serotonergic raphe system do not appear to be essential for REM sleep generation. 
We hypothesize that this cessation of activity may be significant for the function of 
REM sleep. Specifically, we propose that this periodic cessation of discharge prevents 
desensitization of norepinephrine and possibly 5-hydroxytryptamine receptors, which 
are continuously activated in wakefulness (Siegel and Rogawski, 1988; Siegel, 1989). 
Desensitization would reduce the effectiveness of these transmitters, which have the 
effect of increasing signal-to-noise ratio in neuronal information processing 
throughout the central nervous system. Therefore, the REM sleep-induced 
cessation of norepinephrine and serotonin release, by maintaining the optimal 
functioning of these receptors, would improve the organism's ability to process 
information in wakefulness. One of the major features of REM sleep is the dramatic 
and complete loss of sympathetic tone. Like the cessation of locus ceruleus 
activity centrally, this loss of sympathetic activity would be expected to result in a 
reduction of norepinephrine release and up-regulation/prevention of desensitization 
of receptors peripherally. Thus, the receptor regulating role of REM sleep is 
hypothesized to operate peripherally as well as centrally. Indeed, the attenuation of 
sympathetic responsiveness centrally and peripherally may help account for the 
thermoregulatory disturbances that follow extended sleep deprivation (Berg-mann et 
al., 1989; Rechtschaffen et al., 1989). By maintaining both central and peripheral 
receptor sensitivity within a narrow range, REM sleep would convey a distinct 
selective advantage. 
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