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1. INTRODUCTION

The function of rapid eye movement (REM) sleep, a state identified in adult animals and 

humans by the simultaneous presence of a desynchronized cortical electroencephalogram 

(EEG), atonia and periodic bursts of rapid eye movements, remains one of the great 

biological mysteries of the twentieth century. This is despite the considerable amount 

that has been learned about the brainstem mechanisms underlying REM sleep since its 

discovery 30 years ago. In most behavioral systems, the situation is reversed. Thus, we know 

the biological functions of eating, sex, respiration, etc., and struggle to learn the precise 

neuronal mechanisms which generate these behaviors. In contrast, although the regional 

changes in neuronal firing that occur during REM sleep are well documented, little is 

known about the function of this state. Yet REM sleep occupies between 15 and 20% of the 

existence of most placental mammals199. Animals spend more time in REM sleep than they 

spend in other activities essential for survival. What is the selective advantage conveyed by 

this state?

2. UNIT ACTIVITY STUDIES

From the time of its discovery, attention has been focused on the dramatic neuronal 

activity changes occurring during REM sleep. Consideration of these changes should 

provide an important clue to the function of this state. Many studies have been directed 

at the identification of cell groups responsible for generating sleep states and state specific 

phenomena. In this review we will instead emphasize the likely functional consequences of 

the state related changes in neuronal activity. This approach allows a fresh perspective on 
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the large body of information that has accumulated on central nervous system (CNS) activity 

during sleep states.

Most cell groups examined show substantial changes in their activity during the sleep cycle, 

and marked differences in their activity between REM and non-REM sleep. The general 

pattern can be summarized by saying that most cell groups behave similarly in REM sleep 

and in active waking104,168. In most cell groups, the active waking and REM sleep states 

are associated with high discharge rates, while quiet waking and non-REM sleep states 

are associated with minimal activity. However, in certain hypothalamic and basal forebrain 

regions, waking and REM sleep are associated with minimal discharge rates, and cells 

achieve their maximal discharge rates in non-REM sleep83,175.

While forebrain cell groups may contribute to the generation of REM sleep, it is now well 

established that they are not required for the generation of this state151. Is there a forebrain 

cell group which shows a pattern of activity in REM sleep that is distinct from that shown in 

non-REM sleep and active waking? If so, these cells might provide a clue to the functional 

role of REM sleep. Table I lists the neuronal discharge patterns across the sleep cycle 

reported in a number of representative studies. Most cell groups show reliable differences 

in their activity between REM and non-REM sleep. Thus, a number of neocortical and 

diencephalic regions show a relatively high ratio of REM sleep to non-REM sleep discharge 

rates. However, while many forebrain cells achieve high discharge rates in REM sleep, most 

discharge at similar rates in active waking, i.e. the high firing rates in REM sleep are not 

unique.

As in the forebrain, most brainstem cell groups show dramatic modulation of discharge rate 

across the sleep cycle. The cells of the medial reticular formation, many of which fire slowly 

during quiet waking and during quiet REM sleep (the REM sleep intervals between bursts 

of rapid eye movements) show particularly high REM sleep to non-REM sleep discharge 

rate ratios101,154. However, they also show particularly high ratios of active waking to quiet 

waking discharge rates. In fact, the maximal discharge rates in active waking and REM sleep 

are positively and significantly correlated159.

One noteworthy exception to the general pattern of sleep related modulation of unit 

discharge rate is the regularity of discharge of the mesencephalic dopamine containing 

neurons. These cells have been found to show virtually no change in discharge rate across 

the sleep cycle110,167. Thus, this evidence suggests that dopamine containing cells and their 

receptors may not receive major trophic benefits from sleep or have an essential role in sleep 

generation.

Several brainstem cell groups do show a unique pattern of REM sleep related activity. Two 

of these cell groups are tonically active in REM sleep (‘REM-on’ cells), and are inactive in 

both non-REM sleep and waking. Two other cell groups are almost completely inactive in 

REM sleep and during the transition to REM sleep (‘REM-off’ cells), but are tonically active 

at all other times.

REM-on cells have been identified in the pons141,143,150 and in the medulla25,86,119,159. 

Their discharge has been shown to be highly selective for REM sleep, even in the freely 
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moving animal. In contrast to medial reticular formation cells which are active in relation 

to movement in waking156,158, even vigorous waking movements are not associated with 

discharge in these REM-on cells. These cells show virtually continuous activity during REM 

sleep. In the pons of the cat, they are localized to a region between 1.8 and 5.0 mm lateral 

to the midline, lateral to the cells active in both waking and REM sleep (Fig. 1). In the 

medulla, REM-on cells are localized to the medial medullary reticular formation, intermixed 

with cells active in relation to waking movement and constituting less than 10% of the cell 

population in this region.

Two major groups of REM-off cells have been investigated. One is in the dorsolateral 

pons in the locus coeruleus (LC) complex. The second is in the system of midline 

raphe nuclei. There is now over-whelming evidence that the pontine REM-off cell 

group is noradrenergic10,59,69,130 and the midline raphe REM-0ff cell group is 

serotonergic51,77,103. Recent work has also identified a population of REM sleep-off cells in 

the hypothalamus55,123. REM sleep-off cell groups are tonically active during virtually all 

waking behaviors and are almost completely inactive during REM sleep. A typical REM-off 

cell will never pause for more than a second or two in waking. These cells maintain a 

reduced level of activity in non-REM sleep, but are almost completely silent in REM sleep. 

Most cells will have periods of 30 s or more without a single discharge in each REM sleep 

period, and many are completely silent throughout REM sleep periods.

Cells which are selectively active or inactive in REM sleep may be hypothesized to be 

essential to the generation of REM sleep. Alternate hypotheses are that these cells mediate 

specialized functions occurring only during REM sleep or that REM sleep serves some 

‘recuperative’ function for these cells or for the cells they project to. Of course, these 

hypotheses are not mutually exclusive. Is there any evidence that either the REM sleep-on or 

REM sleep-off cell groups are critical to REM sleep control?

3. BRAIN REGIONS CRITICAL FOR REM SLEEP

A series of lesion and transection studies has delimited the brainstem regions required 

for REM sleep. Structures rostral to the mid-pons are not required for REM sleep, since 

transection of the neuraxis at the mid-pontine level produces a preparation which has all 

the local signs of REM sleep caudal to the transection80. Transection at the pontomedullary 

junction produces a preparation which does not have REM sleep signs in the medulla157 

but does show REM sleep signs in the forebrain155. These studies point to the caudal pons 

as the region critical for REM sleep. Lesion studies have shown that destruction of the 

pons between 2 and 5 mm lateral to the midline and 3 and 4 mm posterior to stereotaxic 

zero in the cat permanently suppresses REM sleep145. Lesions in more medial regions of 

the pons are without effect on REM sleep. The area whose destruction blocks REM sleep 

is virtually identical to the pontine area where REM-on cells are localized (Fig. 1). These 

cells project caudally to the second group of REM-on cells in the medial medulla142. This 

second cell group projects to the spinal cord and has been hypothesized to be involved in the 

motoneuron hyperpolarization that produces loss of muscle tone in REM sleep25,86,119,159. It 

would be most parsimonious to conclude that these cells have a critical role in the generation 

of REM sleep and particularly in controlling the motor phenomena of this state.
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In contrast to REM-on cells, the REM-off cell populations do not appear to be essential 

for the REM sleep state. The midbrain decerebrate preparation, in which the transection is 

behind the dorsal raphe nucleus, has REM sleep in normal amounts caudal to the cut and no 

REM sleep signs in rostral structures80. Electrolytic lesion of the raphe nuclei does not block 

REM sleep160. Total serotonin (5-HT) depletion with p-chlorophenylalanine (PCPA)33,34,180 

does not prevent REM sleep. While 5-HT is not necessary for the appearance of REM 

sleep, it does appear to have a vital role in the regulation of the ponto-geniculo-occipital 

(PGO) spike activity of REM sleep. PGO spikes, which are normally confined to the REM 

sleep state and the non-REM–REM transition state, are released into all states after 5-HT 

depletion or lesion of 5-HT containing neurons22,32,33,160.

The norepinephrine (NE) containing cells of the LC complex also are not required for 

REM sleep generation. Jones et al.79 have shown that electrolytic destruction of the LC 

with consequent depletion of NE does not prevent REM sleep. In fact, the critical lesion 

for blocking REM sleep is immediately ventral and caudal to the main noradrenergic REM 

sleep-off cell cluster (Fig. 1). Chemical destruction of NE cells by intraventricular injection 

of 6-hydroxydopamine does not prevent REM sleep63,78. Electrolytic lesions of the LC 

region release PGO waves into waking79. However, pharmacological depletion of NE does 

not release PGO waves and also does not block REM sleep58,170. Thus, neither the 5-HT nor 

the NE containing REM sleep-off neurons are essential for REM sleep, although they may 

contribute to the regulation of this state in the intact animal.

4. HYPOTHESIS

Since LC cells play no essential role in generating the REM sleep state, what is the 

significance of their complete cessation of activity in this state and their unique proximity to 

the cell groups required for REM sleep generation? While the experimental evidence does 

not support the concept that LC cells are required for REM sleep generation, the cessation of 

discharge occurring in LC cells in REM sleep may have significance for the functional role 

of REM sleep. We hypothesize that a central function of REM sleep is to reduce activity in 
the NE containing cells of the LC complex. This reduction in activity is required to maintain 

the sensitivity of NE receptors, with consequent benefits for all behaviors utilizing these 

receptors.

5. SIGNIFICANCE OF CESSATION OF LOCUS COERULEUS DISCHARGE 

IN REM SLEEP

Since NE does not appear to be essential for REM sleep, one may, of course, conclude 

that the cessation of LC discharge in REM sleep is an epiphenomenon with no functional 

significance. However, evidence from a number of lines of inquiry suggests that this 

cessation will have important consequences. Studies of the activity of LC cells in behaving 

animals have shown that they are almost continuously active. Very few cells in the adjacent 

areas of the medial pontine and medullary reticular formation have this property. Instead, 

most show extended periods of silence interspersed with periods of activity during waking 
152,153,156. Pauses in LC cell discharge during waking lasting more than one or two seconds 

are rare 10,69. Thus, cells that receive projections from the LC will have a continuous 
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supply of NE. This situation changes radically in REM sleep, since virtually all of the NE 

containing cells of the LC become silent. This silence begins during the transitional sleep 

prior to REM sleep onset and continues throughout REM sleep.

In addition to the property of relatively constant tonic firing throughout all behavioral 

states except REM sleep, the LC NE system is distinctive because its postsynaptic effects 

are typically slow to develop and prolonged in duration. For example, in recordings from 

single lateral geniculate neurons, several seconds of iontophoresis were required before cell 

responsiveness was altered by NE, and a similar delay occurred after electrical stimulation 

of the LC 136,139. Delays have also been reported for NE effects on cerebellar Purkinje 

cells71 and hippocampal pyramidal cells149. In contrast, γ-aminobutyric acid (GABA) and 

excitatory amino acids have near-immediate effects under the same conditions. In addition 

to the slow onset, the action of NE persists for seconds or minutes after the cessation of 

iontophoretic application or termination of LC stimulation113,114,136,137–139,149. In some 

cases, the effects of NE may be even more prolonged72,120,164,165. In contrast, the effects of 

GABA and excitatory amino acids are terminated within milliseconds.

The persistence of NE effects combined with the continuous activity of the LC cell 

population in waking and non-REM sleep, means that NE postsynaptic effects are 

continuously present throughout waking and non-REM sleep. However, during REM sleep, 

noradrenergic cells of the LC are silent or have greatly reduced discharge. Therefore 

during REM sleep and only during REM sleep, are postsynaptic cells free of noradrenergic 
influence. It can be said that NE neurons and receptors exist in two fundamentally different 

conditions. In waking and non-REM sleep, the NE cell population is tonically active 

and receptors are continuously exposed to NE, although the exact synaptic level of the 

transmitter is dependent upon the specific behaviors and stimuli occurring10. In REM sleep 

and during the transition to REM sleep there is a virtually complete cessation of activity in 

NE cells, and NE receptors are almost totally without exposure to NE.

The sensitivity of postsynaptic receptors for NE is regulated by the level of transmitter to 

which they are exposed. Reductions in NE levels result in ‘upregulation’ expressed as an 

increase in the number of receptors or in the sensitivity of the cyclic AMP response to NE, 

while increased levels of NE or its agonists cause the opposite changes. Indeed ‘the normal 

sensitivity of postsynaptic cells to [NE], corresponding to a ‘moderate’ noradrenergic action 

of release can be regarded as an intermediate state between hyper- and hyposensitive 

states’148. Major changes in receptor sensitivity can occur in relatively short time periods. 

Iontophoresis of NE on to medial reticular formation neurons for as little as one minute 

can cause a desensitization of response and a change in the pattern of discharge lasting 

over a minute73. Depletion of NE by reserpine treatment produces hypersensitivity of the 

cyclic AMP response to NE in 5 h148. Conversely. 5 h of treatment with dexamphetamine, 

a NE releasing agent, produces a reduction in NE sensitivity148. Withdrawal of the α2-

aragonist clonidine, after chronic administration, produced a normalization of firing rate, 

presumably due to sensitization/upregulation of α2-receptors, within 70h39. As little as 

3 h of cold restraint stress produced significant decreases in α2-receptors in a number 

of brain regions121. Changes in receptor sensitivity, as assessed by changes in the cyclic 

AMP response, occur well before the number of receptors changes89. Long duration drug 
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treatments will cause marked changes in the number of postsynaptic receptors. Sporn et 

al.163 showed an upregulation of β-adrenergic receptors after 7–9 days of NE depletion 

with 6-hydroxy-dopamine. Menkes et al.108 demonstrated upregulation of α1-adrenoceptors 

in the thalamus 2–7 days after 6-hydroxy-dopamine treatment. These changes were 

accompanied by increases in receptor density, affinity and physiological responsiveness.

The dynamic nature of the control of NE receptors in the undrugged, undisturbed animal can 

be seen across the day. Wirz-Justice et al.195,196 have described a marked 24 h rhythm in 

binding of the α1-adrenoceptors. Nighttime levels are more than 10% higher than daytime 

levels. The most rapid increase occurs during the day portion of the light cycle, a time 

when rats are asleep. The circadian rhythm of the receptor population can be thought of 

as reflecting regulatory processes acting within the 24 h period, or may reflect processes 

with a longer time course which are synchronized to the 24 h cycle. The later possibility is 

suggested by the recent finding of Velly et al.184 that LC stimulation lasting as little as 4 

h caused changes in α1- and α2-receptors. However, these changes were not detectable in 

most brain regions until 4 weeks after stimulation. Repeated transient perturbation of α1- 

and α2-receptors can, over a period of time, produce changes in their regulation174. Thus 

one should not rule out the possibility that REM sleep effects may be both cumulative and 

delayed.

The molecular mechanisms underlying the modulation of brain adrenoceptor sensitivity 

in response to NE availability have not yet been elucidated. However, in recent years, 

considerable progress has been made on this problem using peripheral adrenoceptor-bearing 

systems, such as avian erythrocytes and cultured smooth muscle cells. The presence of all of 

the required component enzymes and substrates in the CNS, suggests that similar regulatory 

mechanisms may account for changes in brain neuronal adrenoceptor sensitivity.

As a general rule, the regulation of adrenoceptor sensitivity occurs in a negative fashion. 

Thus, in the continued presence of agonist, specific molecular mechanisms cause the 

receptor-mediated physiological response to diminish. On the other hand, potentiation of 

activity can only result from restoration of the state prior to agonist exposure; no specific 

mechanisms provide for enhancement of receptor efficacy. Depending upon the duration of 

continued agonist activation, one of two distinct negative regulatory processes may occur. 

The first process (‘desensitization’) results within seconds to minutes and involves covalent 

modification of the receptor. Upon exposure to agonist for longer periods of time, the second 

form of modulation (‘downregulation’) comes into play which involves the actual loss of 

receptor protein.

Elegant studies by Lefkowitz and Caron92 have characterized the precise molecular events 

involved in adrenoceptor desensitization. In the case of the β-adrenoceptor, the most 

important desensitization mechanism appears to involve receptor phosphorylation catalyzed 

by a novel (and ubiquitous) protein kinase, referred to as the β-adrenergic receptor kinase 

(β-ARK). β-Adrenergic receptors are coupled to adenylate cyclase via the stimulatory GTP 

binding protein Ns. Upon exposure to agonist, β-ARK is translocated from the cytoplasm 

to the plasma membrane where it phosphorylates the agonist-occupied β-adrenoceptor. 

Phosphorylation leads to uncoupling of the β-adrenoceptor from Ns and the catalytic moiety 
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of adenylate cyclase, resulting in a temporary loss of activity. Re-sensitization occurs when 

the receptor is dephosphorylated by a cytoplasmic phosphatase enzyme so that it can again 

bind Ns and adenylate cyclase. In addition to β-ARK, cAMP-dependent protein kinase 

(protein kinase A) can also phosphorylate the β-adrenergic receptor, thus providing an 

alternate pathway for acute desensitization.

Recent experiments have indicated that α1-aradrenoceptors also become acutely desensitized 

as a result of phosphorylation, However, this appears to occur via protein kinase 

C. Activation of α1-aradrenergic receptors results in phosphatidylinositol hydrolysis. 

Diacylglycerol produced by this reaction activates protein kinase C which phosphorylates 

the receptor.

Upon exposure to agonist for longer periods of time (~24 h), receptor ‘downregulation’ 

comes into play. Receptors become degraded and must be resynthesized for recovery of 

normal sensitivity to occur. This process probably requires the synthesis of new receptor 

protein, but the precise molecular details are not yet clearly understood.

In the context of sleep cycle related changes in adrenoceptor sensitivity, one can envisage a 

dynamic state where during waking and slow wave sleep varying degrees of desensitization 

and downregulation of central adrenoceptors are always present. Only during REM, when 

adrenoceptors are completely free of agonist for sufficiently long periods of time, can 

maximal receptor sensitivity be re-established.

We hypothesize that the silence of NE cells in REM sleep interrupts the desensitization/

downregulation of NE receptors set in motion by prior waking periods. This hypothesis 

is a modification of Hartmann’s60,61 proposal, that a central function of REM sleep was 

the synthesis of NE stores depleted by prior waking behavior. This idea was based on 

pharmacological data. In fact, Hartmann was prescient in leaving open the possibility that 

changes in receptor sensitivity or in other aspects of catecholamine functioning could be 

behind the relationships he observed; ‘receptor mechanisms or other aspects of the physical 

structure of the synapse might be changed in order to render it again more sensitive 

to catecholamines....’61. Stern and Morgane171 proposed a similar role for REM sleep. 

Subsequent work has shown that the activity of tyrosine hydroxylase, the rate limiting 

enzyme in the NE biosynthetic pathway, is tightly regulated, so that NE synthesis increases 

with the enhanced firing of these neurons and decreases with reduced activity97. Thus, 

intracellular NE levels are held within a narrow range even with wide variations in the 

activity of NE neurons, and the maintenance of adequate NE levels is unlikely to require 

a long period of LC inactivity. However, much of the same pharmacological evidence that 

supported Hartmann’s, and Stern and Morgane’s hypotheses would apply to the present 

receptor regulation model.

The synaptic mechanisms producing the cessation of LC discharge during REM sleep are 

unknown. Active inhibition would appear to be involved, inasmuch as LC neurons fire 

spontaneously even in isolated brain slices where extrinsic excitatory inputs are absent8,193. 

This firing is apparently due to endogenous pacemaker mechanisms dependent upon the 

complex interplay between several membrane ionic currents including a novel low threshold 
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inward current4 and a calcium-dependent potassium current. The receptors mediating this 

inhibition would be expected to show changes opposite to those seen in postsynaptic α1- and 

β-receptors during REM sleep.

6. MANIPULATIONS OF LOCUS COERULEUS AND NOREPINEPHRINE.

We hypothesize that physiological NE release or NE release induced by pharmacological 

agents sets in motion two processes having opposite effects on REM sleep duration. In 

the first process, NE release or its functional enhancement by pharmacological agents that 

prevent its reuptake or degradation, or the direct activation of NE receptors by agonists, is 

hypothesized to suppress or ‘substitute’ for REM sleep by increasing the activity of negative 

feedback circuits monitoring the efficiency of NE receptor action. In the second process, 

the release or potentiation of NE action is hypothesized to downregulate/desensitive NE 

receptors, this downregulation producing increased REM sleep ‘pressure’. Thus the actual 

level of REM sleep would be a function of the balance between these processes. As is 

discussed in Section 5., while the evidence that increased levels of NE lead to NE receptor 

downregulation is over-whelming, depending upon the manipulation involved, the time 

course is variable. Some studies report detectable effects after only a few minutes, while 

others find significant effects only after two weeks or more. The time course is likely to be 

a function of species, drug dosage and half-life, receptor type, and brain region. Therefore, 

while we can predict that longer term exposure to NE agonists and potentiators will produce 

greater downregulation and resulting REM sleep pressure and that short term administration 

will be more likely to reduce REM sleep with limited rebound, the precise balance between 

these processes cannot be predicted based on current knowledge.

Amphetamine promotes central noradrenergic neurotransmission primarily by releasing NE 

from nerve terminals, but also by blocking NE reuptake and by stimulating postsynaptic 

NE receptors directly. In REM sleep deprived rats, a single dose of D-amphetamine (3 

mg/kg, i.p.) completely abolished the REM sleep rebound occurring in control animals 

during the 12 h period following REM sleep deprivation129. In addition the total REM 

sleep time during the 12 h period following REM sleep deprivation was markedly reduced 

(and this loss of REM sleep was not regained during a subsequent 48 h period), as 

if the enhanced stimulation of CNS noradrenergic receptors produced by amphetamine 

was able to ‘substitute’ for REM sleep. Decreased REM sleep, with some rebound, 

has been seen after D-amphetamine administration in humans53,131. Reduced REM sleep 

rebound after amphetamine suppression does not seem to be a non-specific effect of its 

stimulant properties inasmuch as caffeine, a stimulant that does not act primarily via 

central noradrenergic systems, does not produce this effect. REM sleep deprived rats treated 

with caffeine showed a suppression of REM sleep which was later followed by REM 

sleep rebound127. The total REM sleep time was unchanged and therefore caffeine, unlike 

amphetamine, does not appear to ‘substitute’ for REM sleep.

A similar pattern of effects is seen with certain tricyclic antidepressants, monoamine oxidase 

inhibitors, and electroconvulsive shock (ECT), which decrease REM sleep duration with 

little or no rebound171. (A recent study has provided direct evidence that ECT can induce a 

change in the discharge pattern of LC neurons to a mode favoring NE release198.) However, 
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long-term maintenance of these treatments produces adrenoreceptor downregulation, with 

receptor levels maintained at a stable reduced level as long as treatment continues133,148. 

Withdrawal is accompanied by a compensatory upregulation to normal levels. During this 

withdrawal/upregulation period, REM sleep is elevated, as the hypothesis would predict171. 

In an analogous manner, withdrawal of amphetamine after chronic administration produces a 

marked REM sleep rebound in rats36 and humans44,181.

While many drugs depress REM sleep, some undoubtedly by non-specific disruption of 

sleep and others by affecting noradrenergic systems, very few treatments have been reported 

to increase REM sleep. However, if autonomic side effects are minimized by the use of 

low parenteral doses or by intraventricular administration, α-methylparatyrosine (α-MPT) 

and reserpine both produce elevations of REM sleep171. α-MPT inhibits catecholamine 

synthesis and reserpine depletes biogenic amines by interfering with vesicular storage. Thus, 

the increase in REM sleep can be seen as an attempt to upregulate NE receptors in response 

to this depletion. The proximity of the REM sleep-off cells to REM sleep generation 

mechanisms would facilitate feedback regulation of REM sleep duration in response to 

the downregulation/desensitization of NE receptors by pharmacological agents. The LC 

complex has major reciprocal connections with adjacent pontine regions where the REM 

sleep-on cells are located24,100,144, although a recent study indicates a relatively restricted 

distribution of direct afferents11. Destruction of the dorsal noradrenergic bundle is one 

of the few manipulations known to increase REM sleep21,124,166. This can be seen as a 

consequence of the interruption of a long loop feedback pathway suppressing REM sleep. 

Similarly, 6-hydroxydopamine and DSP4 lesions of the LC also produce increased REM 

sleep63,115 if non-specific effects are minimized62,171. Selective blockade of α1-receptors 

with prazosin produces a prompt and enduring increase in REM sleep66,67, suggesting 

that α1-adrenoceptors on postsynaptic neurons may, at least in part, mediate the feedback 

signal. Conversely, the α1-agonist methoxamine decreases REM sleep66. The non-specific 

α-adrenoceptor blockers phentolamine and phenoxybenzamine (which block both α1- and 

α2-adrenoceptors) eliminate REM sleep rebound as do treatments that enhance central 

noradrenergic transmission (i.e. they appear to ‘substitute’ for REM sleep)98,128. These 

drugs increase whole brain 3-methoxy4-hydroxyphenylethyleneglycol sulfate128, indicating 

that NE turnover and release is enhanced. At relatively high doses the α2-adrenoceptor 

stimulating drug clonidine decreases REM sleep65,125, possibly as a result of its agonist 

activity at α1- or postsynaptic α2-adrenoceptors94. β-Adrenoceptor blocking drugs have 

variable effects on REM sleep65. Although some drugs such as prenalterol increase 

REM sleep, other β-blockers decrease REM sleep84,85, and others have no effect. These 

inconsistencies could be due to non-specific effects of these drugs, some of which are highly 

membrane active.

Many of the behavioral changes produced by manipulation of the NE system are similar 

to those induced by REM sleep deprivation. REM sleep deprivation and depletion of 

NE with reserpine both increase sex drive and aggressive behaviors46,117. Destruction of 

NE neurons with 6-hydroxydopamine or depletion of catecholamines with α-MPT impair 

performance on avoidance tasks, decrease the stimulant effects of amphetamine and increase 

aggressive behaviors. The same effects are produced by REM sleep deprivation26,118,171,176. 
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The similarity of the effects of REM sleep deprivation with these pharmacological effects 

can be seen as reflecting a common neurochemical cause, a hypofunctional NE system.

7. REM SLEEP AND RAPHE CELLS

Serotonin containing cells of the raphe nucleus are the other major group of neurons that 

have a selective cessation of discharge in REM sleep. Therefore, one might speculate that 

REM sleep would have a receptor regulating function for this system as well. However, 

behavioral evidence indicates that REM sleep is less closely tied to the functioning of 

5-HT receptors than it is to NE receptors. Drugs which decrease the synaptic availability of 

serotonin, such as LSD, PCPA, and methysergide, do not produce a compensatory increase 

in REM sleep time as does the catecholamine synthesis inhibitor α-MPT171. Deficits in 

avoidance performance resulting from REM sleep deprivation can be reversed by drugs 

which enhance the synaptic availability of NE, such as L-DOPA, and amphetamine64,171. 

The combination of pargyline and PCPA, which elevates levels of NE while simultaneously 

decreasing 5-HT levels also effectively reverses performance decrements produced by REM 

sleep deprivation171. Therefore, the available evidence does not support a critical receptor 

regulating role for REM sleep with regard to control of 5-HT systems. Cessation of 5-HT 

neuron discharge during REM sleep might serve other functions. For example, the pauses 

might be more closely related to the raphe role of PGO spike inhibition. Nevertheless, 

direct measurements of sensitivity, using receptor binding techniques and/or biochemical 

and physiological measures of receptor activity will be required before a 5-HT receptor 

regulating role can be completely ruled out.

8. OTHER TRANSMITTER SYSTEMS

By emphasizing the role of REM sleep in the regulation of NE receptor function, we 

certainly do not mean to exclude a regulatory role for REM sleep in the maintenance of 

other receptors. It is unlikely that the NE receptor system could change without effects on 

other systems. Dopamine responsiveness has been reported to be affected by REM sleep 

deprivation23,42,179. Cholinergic mechanisms are intimately involved with the triggering 

and maintenance of REM sleep151 and in its pathology13. Changes in receptor sensitivity 

could occur in these systems during REM sleep. NE systems may either be involved in 

the mediation of these effects or they may represent independent consequences of REM 

sleep, occurring in parallel with NE receptor regulation. Further studies will be necessary to 

discriminate between these possibilities.

9. NARCOLEPSY

Narcolepsy is a disease characterized by excessive sleepiness and by the intrusion of various 

aspects of REM sleep into waking states19,57. Thus many narcoleptics experience cataplexy, 

an abrupt loss of muscle tone in waking similar to that normally seen only in REM 

sleep. Other symptoms include sleep paralysis, an inability to move which can occur upon 

awakening or falling asleep, and hypnagogic hallucinations, which are vivid, dream-like 

auditory or visual images appearing at sleep onset. Narcoleptics also have REM sleep at 

sleep onset188, while normals have non-REM sleep at sleep onset. Many of these signs 
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of narcolepsy can be seen as indications of increased REM sleep ‘pressure’. Narcoleptics 

have marked abnormalities in their catecholamine and acetylcholine systems. Catecholamine 

turnover appears to be impaired as is indicated by low levels of catecholamine metabolites 

in the cerebrospinal fluid, and higher concentrations of dopamine and NE within the 

brain13,43,105. α1-Receptor binding in the amygdala is increased in narcoleptic animals, 

consistent with an impaired release of NE. Furthermore, blockade of α1-receptors with 

prazosin dramatically exacerbates cataplexy109. In fact, prazosin and the anticholinesterase 

physostigmine are the only drugs that consistently increase cataplexy. In the context of the 

present hypothesis, these findings can be interpreted as indicating an impairment in the NE 

mediated feedback signal regulating REM sleep. Impaired NE functioning leads to increased 

REM sleep pressure, just as NE receptor downregulation in the normal animal leads to 

increased REM sleep pressure.

10. SLEEP DEPRIVATION STUDIES

If REM sleep discharge cessation serves to upregulate or increase the sensitivity of the NE 

receptor system, then REM sleep deprivation might be predicted to cause a downregulation/

desensitization of these receptors. However, REM sleep deprivation may not be a fully 

satisfactory way of testing the implications of the present hypothesis. If the cessation of NE 

neuron discharge is an important function of REM sleep, it is important to bear in mind that 

REM sleep-off cells cease discharging prior to the onset of REM sleep as defined by the 

usual polygraphic criteria69,103. REM sleep-off cells slow in non-REM sleep and actually 

turn off during the transitional or deep slow wave sleep state, and then continue off during 

REM sleep. The transitional state may last 30 s to a minute or more. Most REM sleep 

deprivation techniques involve arousing the animal shortly after REM sleep has begun. Thus, 

the initial moments of REM sleep combined with the preceding transitional sleep would 

produce a substantial period of silence in REM sleep-off cells. Since it has long been known 

that REM sleep deprivation is accompanied by a progressive increase in the number of REM 

sleep onsets, it is likely that REM sleep-off cells would show a relatively small change in 

‘off time’ during REM sleep deprivation. Furthermore it is possible that average discharge 

rate in early non-REM sleep or even in waking states might change during deprivation. 

These effects would tend to minimize the physiological effects of REM sleep deprivation. 

Because of this, it is likely that the behavioral and physiological differences between REM 

sleep deprived and stress control animals might actually decrease during extended periods 

of REM sleep deprivation. A more direct test of the present hypothesis would be to deprive 

animals of the ‘REM sleep-off state’, as defined by LC unit recording.

One slow wave sign that is correlated with the ‘REM sleep-off state is the PGO spike, which 

is the defining characteristic of transitional sleep and which continues to occur in REM 

sleep. Dement33, showed that PGO spike deprivation, presumably correlated with ‘REM 

sleep-off deprivation’ was much more difficult to maintain and produced far more severe 

behavioral and REM sleep rebound effects than standard REM sleep deprivation.

However, even with PGO deprivation it would be essential to know if REM sleep-off cells 

reduced their discharge rate during non-REM sleep states to achieve the same upregulation/

reversal of downregulation effect which would normally occur in REM sleep. Therefore, 
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the activity of REM sleep-off cells should be recorded during REM sleep deprivation, 

and during total sleep deprivation to determine if lost REM sleep is compensated for 

by reduction of activity in NE cells during non-REM sleep states. If such compensation 

does not occur in any given experimental condition, then PGO deprivation is a valid test 

of our hypothesis. If a compensatory reduction of LC activity or NE release does occur 

during sleep deprivation conditions, it may be reasonable to view the REM sleep state as 

representing an efficient means for achieving a receptor sensitization which can occur in 

other states when sleep processes are disrupted. Thus, the ‘normal’ function of REM sleep 

would not be blocked by REM sleep deprivation, only shifted into other behavioral states.

Despite the possibility that slowing of LC discharge in transitional or non-REM sleep 

states reduces the effect of REM sleep deprivation, the REM sleep deprivation literature 

is generally consistent with the present hypothesis. Mogilnicka et al.111, in a study 

aimed at explaining the antidepressant effects of REM sleep deprivation189, reported that 

72 h of REM sleep deprivation caused a significant decrease in cortical β-adrenergic 

receptor binding. This is precisely the result that would be predicted if the hypothesized 

upregulating function of REM sleep were lost. Radulovacki and Micovic126 found a non-

significant decrease in β-adrenergic receptor density after a more extended 7 day REM 

sleep deprivation procedure. They speculate that the effects of REM sleep loss may be 

masked by the stress produced in both experimental and control groups during extended 

periods of deprivation. But, Abel et al.1, using a 72 h REM sleep deprivation procedure, 

found no significant change in β-receptor binding, They restricted their analysis to frontal 

cortex. Abel et al., conclude that Mogilnicka et al.’s111 results may have been caused by 

stress and non-REM sleep loss. A more recent study by Mogilnicka et al.112, utilized two 

different REM sleep deprivation techniques and three non-deprivation conditions to control 

for stress and non-REM sleep disruption. This study reaffirmed their previous findings of 

significant decreases in β-adrenoceptor sites in neocortex after REM sleep deprivation. 

Troncone et al.178 used NE stimulated cyclic AMP accumulation as an index of NE 

receptor status. They found a dramatic decrease in cyclic AMP accumulation (to 51–59% 

of control values), in slices from rat cortex after 96 h of REM sleep deprivation, indicating 

a downregulation of NE receptors. Thus, while further work is needed, the preponderance 

of recent evidence is consistent with the hypothesis that REM sleep deprivation causes NE 

receptor downregulation.

The reported downregulation/desensitization of β-receptors or decrease in sensitivity of the 

NE activated cyclic AMP system, would be consistent with the antidepressant effect of 

REM sleep deprivation191, since treatment with antidepressant drugs or with electroshock, 

which has antidepressant effects, are associated with β-downregulation122,133. Both REM 

sleep deprivation and treatment with antidepressant drugs are linked to an increase of NE 

turnover, which can be seen as a compensation for this downregulation18,126,147,172,197. 

Although one can view antidepressant drug treatments as acting directly on the presynaptic 

terminals of NE neurons or on β-receptors themselves, to produce downregulation, it is also 

possible that some portion of their effect is mediated by decreasing the duration of the ‘REM 

sleep-off’ periods, which in turn causes downregulation of β-receptors. Both antidepressant 

drug therapy and electroshock have been shown to produce a marked decrease in REM 

sleep duration28,189. Indeed the effectiveness of antidepressant drugs is directly proportional 
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to their REM sleep depressant effects189,190. These treatments presumably act by blocking 

REM sleep rather than by fulfilling REM sleep ‘need’. This can be seen in the increased 

‘REM sleep pressure’, manifested by a large rebound in REM sleep time, after both REM 

sleep deprivation and withdrawal of antidepressant medication. Only after antidepressant 

drugs have been administered for several weeks is an antidepressant and β-downregulation 

effect seen133. Throughout this period REM sleep is depressed. Similarly direct REM sleep 

deprivation requires 3 weeks to relieve depression189,191.

Many of the behavioral effects of amphetamine are thought to be mediated by a release 

of NE. If REM sleep deprivation produced a downregulation or desensitization of the NE 

receptor system, it would be predicted that, to the extent that behavioral responses to 

amphetamine are mediated by NE receptors, these responses would be reduced in REM 

sleep deprived animals. Indeed this is just what was seen in a behavioral avoidance task. 

Amphetamine greatly increased responding in stress control animals but not in REM sleep 

deprived animals. REM sleep deprivation also decreased the effect of amphetamine on 

general activity levels171. There is even some evidence that REM sleep deprivation may 

protect against the lethal effects of high doses of amphetamine45, a very surprising result, 

given that REM sleep deprivation itself can be lethal41.

REM sleep deprivation has been reported to impair performance in a number of learning 

tasks. If NE downregulation/desensitization contributed to these effects, it should be possible 

to restore function by potentiating the synaptic action of NE. Stern and Morgane171 reported 

just such an effect. Imipramine, which blocks NE reuptake, and pargyline, which blocks 

its degradation, were effective in reversing the deficit in performance caused in both active 

and passive avoidance tasks by REM sleep deprivation, but were without effect on the 

performance of control groups. Serotonin synthesis inhibition with PCPA did not interfere 

with this effect. L-DOPA, a catecholamine precursor, also improved performance in REM 

sleep deprived subjects, but actually impaired it in controls64.

Stress is known to produce increased activity in noradrenergic cells of the LC2,3,7,9,54,75. 

Indeed stress and alerting are the best correlates of increased LC unit discharge in 

waking2,3,75. The present hypothesis would predict that stress and REM sleep deprivation 

would be synergistic in their effects, since stress increases the activity of NE LC cells in 

waking, while REM sleep deprivation would block the ‘locus coeruleus-off’ state associated 

with REM sleep. REM sleep deprivation itself is normally confounded by some degree of 

waking stress38,90,107,182,189. We hypothesize that increased REM sleep, and/or reductions 

in LC activity during waking, occur during recovery from a sustained period of stress. The 

magnitude of REM sleep rebound or reduction in waking LC activity should be proportional 

to the extent of increased NE release during the stress and the degree of REM sleep 

deprivation resulting from the stress. Studies combining LC unit and sleep state recording 

can address this question.

A critical study directly examining changes in regional brain responsiveness after REM 

sleep deprivation was performed by Satinoff et al.146. In this study, cats were deprived 

of REM sleep while evoked potentials in the trigeminal system were monitored. It was 

found that trigeminal evoked potentials diminished by 33% after 24 h of REM sleep 
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deprivation and were abolished by more extended deprivation. All potentials returned to 

baseline values after recovery sleep. Morilak and Jacobs116 have shown, in the intact rat, 

that NE released from LC neurons facilitates the trigeminal masseteric reflex. Removal of 

the NE input decreased the masseter muscle response to sensory nerve stimulation. Thus, 

the hypothesized downregulation/desensitization of NE receptors caused by REM sleep 

deprivation can explain the reduction in evoked potentials seen in the Satinoff et al.146 

studies.

11. PREDICTIONS

A more direct test of the present hypothesis could be achieved by determining the sensitivity 

of adrenoceptors to iontophoresed NE before and after sustained periods of waking, and 

also before the offset of activity in NE cells and after onset following a single REM 

sleep period. These comparisons are preferable to deprivation studies, since they are not 

confounded by stress or by the brain’s attempts to compensate for deprivation. We would 

predict a decrease in response of β- and/or α1-NE receptors after sustained waking periods 

and an increase in response after REM sleep periods. Since it is now clear that there are 

regional differences in the sensitivity of NE receptors and of different receptor types to 

reductions in NE availability133 such measurements should be repeated in several brain 

areas, looking separately at the activity of pre- and postsynaptic receptor sites. Techniques 

for iontophoresis during waking and normal sleep cycles now are in regular use26 and 

could easily be applied to LC cells and their target cell populations. If α2-autoreceptors 

showed decreased responsiveness during sustained waking periods it might have the effect 

of compensating for any decline in sensitivity of postsynaptic receptors by decreasing 

feedback inhibition of NE release, while increased α2-responsiveness would slow α1- and 

β-downregulation. There is some evidence from in vitro studies for the direct reciprocal 

control of β- and α2-receptors93.

It is clear that the absolute magnitude of the effects produced by a single REM sleep period 

must be extremely small. We are not aware of any evidence that the loss of a single REM 

sleep period has ever been reported to produce a clear behavioral deficit. Evolution would 

long ago have eliminated any mechanism so sensitive to transient sleep loss. We hypothesize 

that the effects of REM sleep loss, and the correlated loss of LC-off periods, are small, but 

are additive over periods of time. Therefore, even if the deprivation of a single REM sleep 

period did not produce an easily measurable change in receptor sensitivity, the cumulative 

effect of the loss of ‘locus coeruleus-off’ activity should be detectable.

It is possible that the biochemical events set in motion by the offset of activity in REM 

sleep do not produce any immediate effect on receptor sensitivity, but instead produce 

effects only after some delay. If so, only extended deprivation of the ‘locus coeruleus-off’ 

state would be expected to produce reliable changes in receptor sensitivity. (As discussed 

above, while this LC-off state is more or less identical with REM sleep in the undisturbed 

animal, LC-off periods might well become dissociated from REM sleep under deprivation 

conditions.) The duration of REM sleep, the time course of behavioral deficits reported after 

REM sleep deprivation, and the time course of receptor changes need to be considered in 

evaluating the probable time course of relations between REM sleep and the hypothesized 
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changes in receptor sensitivity. REM sleep has a duration which ranges between 2 and 30 

min199. Most studies reporting significant behavioral deficits after REM sleep deprivation 

have utilized deprivation periods of approximately 2 weeks. Changes in receptor number 

have been reported in various studies to occur in as little as 2–3 min, or to require as long as 

2 weeks. Changes in receptor sensitivity need to be assessed in the same situations in which 

behavioral and electrophysiological measures are made in order to clarify the relationships 

between these variables and test the present hypothesis.

12. PHYLOGENETIC EVIDENCE

Only one mammal has been found to lack REM sleep. This is the monotreme echidna. 

It appears to have a LC complex grossly similar to that seen in other mammals6. The 

present hypothesis suggests the question ‘does the echidna have an ‘off state’ for its LC 

neurons?’ We hypothesize that either NE LC neurons are not tonically active in waking 

in the echidna as they are in other mammalian species, making periods of upregulation/

sensitization unnecessary, or that the LC neurons of the echidna are silent in non-REM sleep 

states.

It is in birds that the anlage of the mammalian LC first appears, albeit in rudimentary 

form177. In birds, REM sleep is clearly present, but occupies a much smaller percentage of 

sleep time than it does in mammals17,173,183,192. Teleosts and reptiles have not been found 

to have REM sleep states48,49,68,106. In the context of the present hypothesis it is interesting 

to note that, in contrast to the situation in mammals and birds, fish, reptiles and amphibia do 

not have widely ramifying catecholaminergic neurons in the rhombencephalon and medulla 

oblongata. In these species the forebrain is supplied with catecholamines by hypothalamic 

and upper brainstem neurons. The total number of tegmental catecholaminergic neurons in 

fish and amphibia is less than 10% that of birds and mammals177. Accordingly, mechanisms 

generating silent periods in the NE neurons in these animals would be expected to have 

different physiological and behavioral correlates than those generating similar periods in NE 

neurons localized to the pons of mammals.

We hypothesize that the evolution of REM sleep was linked to the need for continuous 

periods of high alertness. Such alertness became useful with the evolution of homeothermy, 

which enabled extended periods of muscle activity. NE produced by pontine LC neurons 

enabled long duration periods of high alertness. In turn, the responsiveness of receptors 

to sustained periods of LC activity in waking, was maintained by sustained silent periods 

coupled to REM sleep.

13. FUNCTIONAL CONSEQUENCES OF REM SLEEP INDUCED 

MODULATION OF ADRENOCEPTOR SENSITIVITY

A number of hypotheses of REM sleep function have been advanced. Among 

these are drive discharge33, binocular coordination16, periodic arousal from sleep162, 

memory consolidation47,91,161,169, protein synthesis102, forgetting excess memory traces31, 

programming of genetically determined behaviors82, reversal of a depression of excitability 

occurring in non-REM sleep186, information processing194, and brain development134. Since 
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NE interacts with neurons throughout the brain, the consequences of any REM sleep 

generated effect on the functioning of NE systems would be seen in all of the above. Thus, 

the present hypothesis is not incompatible with any of these prior ideas, but suggests a more 

specific neural mechanism for REM sleep induced changes in behavior. For example, the 

high levels of REM sleep early in ontogeny, which have been cited as evidence for a REM 

sleep role in brain development134, can be seen more specifically as a necessary condition 

for the proliferation of NE receptors in the developing animal.

A considerable amount of evidence now supports the hypothesis that a principal function 

of NE in the CNS is to facilitate the excitability of target neurons to specific high priority 

signals12. This has been demonstrated in sensory relay nuclei such as the lateral geniculate 

nucleus and cochlear nucleus; in motor nuclei such as the facial or trigeminal motor 

nucleus; and in the neocortex, cerebellum and hippocampus135. Facilitation of target cell 

excitability can occur by several mechanisms, depending on the receptor type mediating 

the response. Activation of α1-adrenoceptors are typically associated with slow excitation 

during which responses to simultaneous excitatory inputs to the target cell are enhanced. 

The response to β-adrenoceptor activation is more complex, consisting of a decrease in 

spontaneous discharge in the face of a relative or absolute increase in the response to 

specific inputs. This has been described as an enhancement of the ‘signal-to-noise’ ratio 

for the neuron and the net effect of these changes would be to facilitate the throughput 

of specific signals and improve signal processing50,135. The corollary of this is that a 

reduction in NE availability decreases the accuracy and efficiency of signal processing in the 

brain, eventually leading to an upregulation/sensitization of NE receptors. Reductions in LC 

activity during waking (to reverse receptor downregulation caused by prior activity) would 

leave the organism vulnerable, by diminishing the ability to perceive and rapidly respond to 

threats. This problem is ameliorated by linking the LC-off state to sleep, a time when the 

animal seeks out a protected niche at an optimal time of day. Thus. we hypothesize that the 

evolution of a linkage between the ‘locus coeruleus-off’ state and sleep produces a selective 

advantage, particularly for animals that are not vulnerable to predation during sleep. Indeed, 

comparative studies have found that predators and other animals with safe sleeping sites 

have higher levels of REM sleep, while prey animals which must frequently and accurately 

monitor the environment during sleep have much lower levels of total REM sleep, and the 

REM sleep periods which do occur are brief5. We hypothesize that LC-off periods may 

be distributed throughout the day in short epochs in these animals, to compensate for their 

inability to have extended REM sleep periods.

While enhanced LC activity biases brain systems to cope with immediate environmental 

threats, depressed LC activity may allow internal programs and vegetative behaviors to 

predominate12. Indeed it has long been known that REM sleep, the state in which LC 

activity is minimal, is associated with a suppression of sympathetic tone132. This can be 

seen in the reduction of renal nerve and cervical sympathetic trunk activity14,52,132 and 

in the extreme miosis and relapse of the nictitating membrane which are classic signs 

of REM sleep132,187. Thus the autonomic nervous system and the LC, which has been 

hypothesized to represent a ‘central analogue of the sympathetic ganglia with the brain as its 

‘end organ’ ‘7, operate in a largely parasympathetic or ‘internal’ mode during REM sleep. 

The nature and function of the central ‘internal programs’ that might be triggered during 
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this state remain unknown; however, it has been speculated that REM sleep is a time when 

neural circuits mediating fixed motor patterns involved in innate aspects of behavior are 

strengthened and integrated with prior behavior81.

A cellular model of learning in the hippocampus, long term potentiation (LTP), has provided 

a specific example of how changes in the sensitivity of noradrenergic systems may affect 

performance and memory acquisition. LTP is a persistent increase in stimulation induced 

synchronous cell firing (field response) produced by a brief period of high frequency 

stimulation of the afferent pathway. LTP induced in dentate granule cells by perforant 

path stimulation is reduced by NE depletion20. Conversely NE can induce a persistent 

increase in the dentate gyrus population response that is similar to LTP120,165. NE appears 

to act via a β-adrenoreceptor linked to adenylate cyclase. β-Adrenoceptor modulation of 

LTP has also been demonstrated in the CA3 region of the hippocampus72. These studies 

demonstrate that NE pocampus plays a critical role in a form of long term plasticity that 

is possibly related to learning. Thus, during REM sleep, when LC neurons are silent, this 

form of hippocampal plasticity is restricted, perhaps implying a mechanism for the selective 

‘forgetting’ of dreams. Downregulation of NE receptors by REM sleep deprivation would 

likewise modulate the effectivenss of LTP and related learning phenomena.

Diminution of NE inhibition in the limbic system may help explain the reduction in seizure 

thresholds and prolongation of seizures caused by REM sleep deprivation28. Treatments 

which decrease CNS noradrenergic activity potentiate seizures, while treatments that 

increase noradrenergic activity decrease seizures27,29,30,37,88,99. If REM sleep deprivation 

leads to decreased NE receptor sensitivity, this would have the same net functional effect as 

a decrease in NE levels. Therefore the effects of REM sleep deprivation on seizure threshold 

could be mediated, at least in part, via changes in NE receptor sensitivity.

The hypothesis that REM sleep functions to maintain NE receptor sensitivity explains recent 

findings of decreased receptor sensitivity after REM sleep deprivation. It makes further 

predictions that can be readily tested with presently available techniques. Furthermore, it 

provides a mechanism that allows explanation and integration of a number of experimental 

observations. Assessment of receptor sensitivity as a function of state, and changes in 

receptor sensitivity as a function of the duration of the intervening state would provide 

useful data on the function, as well as on the mechanisms generating REM sleep. The 

phylogenetic study of LC activity has just begun and will provide important information on 

the possible role of this system in the evolution of REM sleep.

14 SUMMARY

We hypothesize that REM sleep serves to upregulate and/or prevent downregulation of brain 

norepinephrine (NE) receptors. This hypothesis is based on the following observations: 

(1) NE neurons of the locus coeruleus (LC) are tonically active in waking and non-REM 

sleep, but the entire population of LC NE neurons is inactive during REM sleep. (2) 

Continuous presence of NE or adrenoceptor agonists downregulates NE receptors, while 

a reduction in NE availability upregulates these receptors. (3) The effects of REM sleep 

deprivation are similar to those of NE receptor downregulation. Recent biochemical studies 
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of NE receptor sensitivity provide strong experimental support for this hypothesis. The 

functional consequence of enhanced NE receptor ‘tone’ brought about by REM sleep would 

be improved signal processing in diverse brain systems, thus endowing the organism with 

a selective advantage. This hypothesis makes a number of specific predictions which can 

be tested with currently available techniques, and suggests new ways of understanding the 

evolution and postnatal development of REM sleep.
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Fig. 1. 
Location of cells selectively active in REM sleep (REM on cells), noradrenergic cells 

selectively inactive in REM sleep (REM off cells), bilaterally symmetrical lesions producing 

syndrome of REM sleep without atonia, and bilaterally symmetrical lesion suppressing 

REM sleep. See ref. 151 for separate maps of each cell type and lesion distribution.
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TABLE I

Change in discharge rates in REM sleep

Region REM/non-REM REM/active W Ref.

Cortex

 Parietal 3.1 1.0 35

 Frontal 0.8 0.9 35

 Motor (PTN) 1.9 2.4 40

 Visual 1.7 0.5 87

Thalamus

 VB 2.0 1.5 15

 LGN 4.5 2.2 96

Hypothalamus

 VH 0.8 1.4 76

 BF 1.4 1.0 175

 POA 1.5 1.0 56

Cerebellum

 Simple 1.9 0.6 95

 Complex 0.8 0.8 95

Brainstem

 MRF 2.0 2.0 74

 MPRF 3.8 3.0 70

 MPRF 6.4 0.8–3.2 185

 MPRF 3.2 0.4–24.2 154

 PLCα 12.5 3.0–∞ 142

Raphe

 DRN 0.2 0.1 103

 RM 0.1 0.04 51

Dorsolateral pons

 LC 0.3 0.1 69

 PBL 0.07 0.05 69

 PBL 0.06 0.02 140

⩾3 ⩽0.3

PTN, pyramidal tract neurons; VB, ventrobasal; LGN, lateral geniculate; VH, ventral hypothalamus; BF, basal forebrain; POA, preoptic area; MRF, 
midbrain reticular formation; MPRF, medial pontine reticular formation; PLCα, peri-locus coeruleus α; DRN, dorsal raphe nucleus; RM, raphe 
medianus; LC, locus coeruleus; PBL, parabrachialis lateralis.
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