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REM sleep: A biological and psychological paradox
Introduction

Sleep and rest can be satisfactorily explained as adaptive states1,2

whose core function is energy conservation and behavioral regula-
tion. In addition to these functions, certain recuperative processes
may be accomplished within sleep. However, the adaptive role of
rapid eye movement (REM) sleep remains a complete mystery.
The high levels of brain metabolic demand and attenuation of
homeostatic regulationmake it difficult to understand how animals
benefit from this state. Adding to the mystery, it is well known that
drug induced suppression of REMsleep iswithout any striking effect
on behavior. Humans taking selective serotonin reuptake inhibitors,
serotonin–norepinephrine reuptake inhibitors,monoamine oxidase
inhibitors and antidepressants have a massive suppression of REM
sleep3 yet they do not go insane and do not have any apparent
impairment of memory – indeed may have some small improve-
ments of memory.4 Even long term usage of these drugs, with
concomitant reduction or elimination of REM sleep does not gener-
ally havedeleterious effects onhealth. Indeed they are often given to
regulate blood pressure or improvemood. Similarly, no cognitive or
health impairment has been identified in the fewhumanswho have
lost REM sleep because of brain injury.5 So, REM sleep truly has
earned the name “paradoxical sleep,” first given to it by the French
researcher Michel Jouvet because of its waking electroencephalo-
gram (EEG) during behavioral sleep. It should be noted that in
contrast to the findings in humans, deprivation of rats of REM or
non REM sleep by the disk over water method can be lethal.6

However, this may well be due to stress involved in repeated
arousals rather than sleep loss itself. Lethal effects of sleep loss
have not been reported in mice, cats or other animal sleep subjects.

Soweare leftwith a profoundquestion;whydoall landmammals
(but not necessarilymarinemammals1,7) andmany, perhaps all birds
have REM sleep8 if it uses so much energy and can apparently be
dispensed with without obvious negative consequences? Several
recent papers in this journal address aspects of this paradox.9–14

REM sleep and dreaming

The history of dreaming long predates its scientific investiga-
tion. Aserinsky and Kleitman15 showed for the first time that
dreaming was associated with a state of low voltage EEG and eye
movements during sleep that they called REM sleep. This discovery
was followed by the surprising discovery that the physiological
state that had been linked to dreams in humans could be identified
in most mammals, suggesting that animals dream. The state also
recurred in a regular rhythm, with a cycle duration that was posi-
tively correlated with body and brain mass.16
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The assumption that animals have dream-like experience as we
do, has to be tempered by more recent findings that human
dreaming can be abolished by relatively small cortical lesions that
do not interfere with other aspects of REM sleep.17 Furthermore,
it has been established that some humans do not report dreaming.
This finding has typically been dismissed as being due to the rapid
forgetting of dreams that most of us experience. If a person
awakens a few minutes after the end of a REM sleep period they
will not report dreaming. But in an impressive test of this hypoth-
esis, non-dream reporters were awakened from REM sleep at all
times of the night and many still reported no dreams.18 Further-
more, human infants have huge amounts of REM sleep, yet it is
inconceivable that they could have dream experiences that are
similar to adult dreams. Children under the age of 5–6 have dream
recall from only 20–30% of REM awakenings, the reported dreams
are brief, fragmentary and static. Recall is still below 30% at 8 years
of age, not reaching the adult level of 80% until ages 9–11.19 Further-
more, the primitive mammal platypus, the animal with the greatest
amount of REM sleep, does not have cortical activation during most
of this state,20 again casting doubt on the often assumed linkage
between REM and higher cognitive processes including dreaming.

Palagini and Rosenlicht12 review the early art and literature link-
ing dreaming to divine and prophetic messages. The Greek Artemi-
dorus Daldianus cataloged over 30,000 different types of dreams
emphasizing their prophetic meaning. In Greek mythology,
Hypnos, the god of sleep, Oneiros the god of dreams andMorpheus,
the dream shaper, worked together to reduce human suffering.
Plato proposed that repressed bestial desires can be expressed in
dreams, presaging Freudian 19th and 20th century speculations.
Aristotle rejected the idea that dreams are prophetic, indicating
that they were the result of sensations occurring in the absence
of perception. Medieval concepts applied the Hippocratic theory
of humors (blood, black bile, yellow bile and phlegm) to explain
dreams, with each fluid causing “vapors” that produced particular
types of dreams. Freud, Jung and others used dreams to understand
and treat emotional problems on the assumption that dreaming is
a meaningful reflection of unconscious mental functioning.

Controversies over dream meaning continue into the modern
era. The idea that the movements of the eyes scan the dream
images have been disputed,21 but receives support in studies of
REM sleep behavior disorder.22 It has been proposed that dreams
are essentially a passive response to stochastic ascending input
from the brainstem REM sleep generator.23 However, systematic
analyses of dreams show them for the most part to be structured
with regular developmental characteristics simulating waking
experience. This data indicates that, bizarre dream characteristics
are relatively rare in contrast to what one might expect from
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pulsatile brainstem activation. Daily events are not typically inte-
grated into dreams but clearly waking concerns and interests shape
dreams as they do waking cognition.24

Although all brain regions are capable of plasticity a few brain
regions including the olfactory bulb and the dentate gyrus of the
hippocampus actually generate new neurons throughout the life-
span, likely compensating the relatively rapid loss of old cells in
these same structures. Sleep deprivation, particularly REM sleep
deprivation, interferes with the neurogenesis either by preventing
an essential step in the process of neurogenesis that occurs only
during sleep, or by disrupting this process by the stress elicited
by the deprivation procedure.25 However, as pointed out above,
total blockade of REM sleep does not interfere with learning.4

REM sleep control

Another approach to unraveling the functional paradox of REM
sleep is examining its control circuitry. The classic work of Jouvet
and others26–28 established that the pons was both necessary and
sufficient for REM sleep. Indeed primitive mammals often show
REM sleep only in the brainstem,20,29 suggesting that forebrain
aspects of REM sleep, including dreaming, have evolved relatively
recently. Initial work in the cat emphasized the role of acetylcho-
line.30 Microinjection of the cholinergic agonist carbachol into the
pontine brainstem, particularly in the region ventral to the locus
coeruleus can produce, at a latency of seconds, a state with all the
characteristics of REM sleep including rapid eye movements, high
voltage waves propagating from the pons to the thalamus and
then cortex, called PGO spikes, and muscle atonia.31 Strikingly,
this state can last hours or even days after a single injection.
Work in the cat and then in the rat showed that glutamatergic
projections emanating from the critical pontine zone mediated
the muscle tone suppression of REM sleep, acting on neurons in
the medial medulla that cause the release of glycine and gamma-
Aminobutyric acid (GABA) onto motoneurons.32–39 This network
at the same time caused inactivation of noradrenergic and other
monoaminergic neurons which normally facilitated muscle
tone.40 So both disfacilitation by removal of monoamines and inhi-
bition by release of glycine and GABA were linked to the muscle
tone suppression of REM sleep.

Luppi and colleagues have focused on localizing the glutamater-
gic neurons active during REM sleep in the rat and particularly
those involved in muscle tone suppression in REM sleep and cata-
plexy.10 As in the cat, these neurons are localized to the region
ventral to locus coeruleus. In the rat brain atlas used,41 this subcoer-
uleus region was named the sublaterodorsal tegmental nucleus.
Luppi and colleagues find that neurons containing the inhibitory
transmitter GABA prevent the activity of the glutamatergic REM
active neurons in the sublaterodorsal nucleus. Therefore the cessa-
tion of activity in these GABA neurons can trigger REM sleep. The
sublaterodorsal glutamatergic neurons are also excited by gluta-
mate which may be released by neurons whose cell bodies are in
the midbrain periaqueductal gray.

It has been found that the noradrenergic neurons that are off in
REM sleep and likely inhibit its occurrence, are themselves
inhibited by GABA.42,43 Luppi shows that application of GABA
antagonists prevents the cessation of activity in these neurons
during REM sleep, supporting the concept that GABA release is
responsible for this cessation.

It has been theorized that the cessation of activity of noradren-
ergic neurons may be an important functional consequence of REM
sleep, producing upregulation of noradrenergic receptors, downre-
gulated by the tonic activity of these neurons in waking.44,45 Mal-
lick and Singh11 suggest that REM sleep deprivation increases
norepinephrine level and that this stimulates Na–K ATPase, an
ion pump that moves sodium out of and potassium into neurons.
This pump thereby controls the membrane potential of cells.

The unraveling of some to the REM sleep circuitry may give the
impression that the paradox of REM sleep has been solved. But, alas,
it remains. We do not knowwhat conditions turn REM sleep on and
what presumably fulfilled condition turns it off. So we now know
many of the “players” in REM sleep control, but we really still
don’t know their “game.”

REM sleep and bradyarrhythmia

Fifteen percent of all fatal ventricular arrhythmias occur during
sleep. Rapid eye movement related bradyarrhythmia syndrome
can occur in individuals without other heart disorders and in the
absence of clear-cut sleep disorders such as obstructive sleep apnea.
Asystoles lasting longer than 2.5 s and as long as 15 s have been seen
during REM sleep.9 Many such patients have dizziness, syncope and
blurred vision upon awakening. The authors speculate that these
events have one of three causes: exaggerated vagal tone,withdrawal
of sympathetic activity or abnormal baroreceptor reflexes during
REM sleep.

Holty and Guilleminault9 highlight the large magnitude of
changes in and the variability of the activity of sympathetic and
parasympathetic activity during REM sleep. This illustrates the
potential risk of REM sleep without revealing its offsetting benefit,
reinforcing the paradoxical nature of the ubiquity of this state
across individuals and species.

REM sleep and narcolepsy

Narcolepsy has long been viewed as a disease of REM sleep. This
is because cataplexy, its most striking symptom seems physiologi-
cally similar to the muscle tone suppression of REM sleep.46–48 The
discovery that loss of cells containing the peptide orexin/hypocre-
tin (two names for the same peptide) underlies most cases of
narcolepsy49,50 has provided a key insight into the sleepiness and
cataplexy that define this disorder. Sinton14 takes on the Herculean
task of integrating the more than 2000 publications on orexin/
hypocretin since the discovery of this peptide in 1998.14 Key issues
that are explored include the nature of the triggering of REM sleep
and the relation of REM sleep signs to symptoms of narcolepsy.
Although it has been speculated that offset of activity in orexin/
hypocretin neurons is responsible for sleep or REM sleep onset,
recordings of the activity of these neurons indicate a more complex
process. In normal rats orexin/hypocretin neurons can be silent for
long periods of time in waking51 that are not followed by sleep. In
sleep, activity is minimal in nonREM sleep with only a relatively
small further decrement in activity in REM and without marked
changes at the nonREM–REM transition. This is in keeping with
other evidence suggesting a gradual transition between these
two sleep states. The gradual transition between nonREM and
REM sleep contrasts with the abrupt transition between either of
these sleep states and waking whose substrates can be identified
in unit recordings.28

The link between REM sleep and cataplexy can be seen in unit
activity recording in other cell groups. For example the cells in
the medulla that are thought to be responsible for the motor inhi-
bition by GABA and glycine seen in REM sleep are maximally active
only during REM sleep and cataplexy.47 Conversely the noradren-
ergic cells that facilitate muscle tone in waking and to a lesser
extent in nonREM sleep are inactive during REM sleep and cata-
plexy.46 Serotonergic cells of the dorsal raphe show a similar slow-
ing in cataplexy, but to a lesser extent than locus coeruleus cells.52

On the other hand, most cells in the brainstem tegmentum that are
active during REM sleep are inactive during cataplexy.53 Thus at the
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neuronal level we see aspects of REM sleep occurring during cata-
plexy, supporting the concept of REM sleep intrusion. However, just
as cataplexy differs from REM sleep in its maintenance of
consciousness and tracking eye movement, the neuronal activity
that accompanies it also differs, most interestingly in the mainte-
nance of activity in histamine cells in cataplexy.54 We hypothesized
that this activity is responsible for the maintenance of conscious-
ness in cataplexy, a key aspect distinguishing it from REM sleep.

Presumably it is the loss of orexin/hypocretin signaling that is
responsible for the discoordination of REM sleep signs that
produces cataplexy. But it seems unlikely that this is a direct effect,
since as mentioned above, long duration cessation of neuronal
activity and orexin/hypocretin release in waking is a normal
phenomenon, not linked to narcolepsy. However, the death of
orexin/hypocretin cells presumably removes trophic effects on
other brain systems normally receiving projections from these
neurons. The anatomical and physiological changes that result
from this produce the symptoms of narcolepsy.

Sinton integrates the sleep pathology caused by orexin/hypocre-
tin cell loss with the larger issue of the adaptive role of the orexin/
hypocretin cells. He reviews evidence indicating that these cells are
activated and appear to drive adaptive responses to need for food
and associated changes in autonomic function.

The maladaptive changes in central nervous system (CNS) struc-
tures normally innervated by orexin/hypocretin neurons may be
responsible for some aspects of the autonomic changes reviewed
by Plazzi et al. in narcoleptics.13 Plazzi et al. explain the reduction
in pupil diameter and increase in low frequency oscillation in pupil
diameter in narcolepsy by the loss of the projection of these
neurons to the ciliary ganglion. They cite evidence that reduced
cardiovascular reflexes occur in narcolepsy and are not due to the
chronic use of stimulants. This finding is in accord with data from
orexin/hypocretin knock out (KO) mice.55 Similarly, obesity occurs
not only in human narcolepsy but also in KO mice, despite reduced
food intake, and this effect is sex dependent.56–58 Sexual disorders
tend to occur many years after the loss of orexin/hypocretin cells
and are of uncertain etiology. Plazzi et al. document several other
disputed claims of altered autonomic function in narcolepsy.
Parallel studies in animal models may help resolve these disputes.

There have been publications claiming a role for orexin/hypo-
cretin in thermoregulation, but the evidence for this stems from
injections of large amounts of the peptide into the cerebral ventri-
cles or into relatively small brain regions. Orexin/hypocretin is an
excitatory peptide and like glutamate or other excitatory neuro-
transmitters the effects seen from nonspecific administration
have questionable relevance to normal function.

Conclusion

These wide ranging reviews of various aspects of the literature
on REM sleep better define its generation mechanism, its relation
to cardiac and narcoleptic pathology, and its link to dreaming.
Clearly REM sleep dramatically modulates physiological and cogni-
tive states. The adaptive benefits of these modulations remain
unclear. Perhaps some other as yet unappreciated parameter will
give further insight into the adaptive significance of this state.
However, these recent reviews certainly clarify what it is we are
trying to understand when we ask the question “why do we have
REM sleep?”
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