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ABSTRACT

With preliminary classification, there are five behavioral functions for rapid eye movement(REM) sleep after puberty,
which are memory retention, drive dissipation, muscular efficiency, heat control and adaptive immobility. For these
diversities, it is newly suggested in this mini-review to categorize the REM sleep into two types respectively as atonic
and brain REM sleep. In concrete words, the atonic REM sleep was acquired early in platypus, ostrich, and reptiles,
responsible for the adaptive immobility as rare exceptions to predation risk of sleep, for the important function recently
proposed for improvement of muscular efficiency in most species, and for the heat control in some species, while the
brain REM sleep were added later in evolution, responsible for conflict of emotional memories against disinhibited drives.
In ecological aspects, this division of REM sleep is useful to pluralistically understand the diverse adaptive functions
of REM sleep in various species. On inductive relation, the atonia is required for EEG activation from brain stem in
REM sleep, consistent with the earlier origin of atonic sleep in evolution. On physiological paradox, the pathological
high muscle tension in human depression results from the emotional stress from accumulated emotional memories
processed in long REM sleep, therefore not contradictory with the atonic function of REM sleep. On stage interactions,
these two types of REM sleep are different as coherent and counteractive with SWS respectively. In these respects, the
REM sleep plays two types of qualitatively different functions in the atonic and brain REM sleep respectively.
Keywords: Rapid eye movement (REM) sleep, atonia, evolution, memory, depression, slow wave sleep

INTRODUCTION in this article it is only addressed to the functions of REM
sleep in this post period.

There are various functions of rapid eye movement(REM)

sleep for both brain and body. After puberty, the function The brain functions of REM sleep

of REM sleep for neural development has completed, and On brain functions, it was early suggested that the

REM sleep play functions in memory retention(Cai, 1991;
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1995; 2015a). Recently, many experiments have shown
that the REM sleep plays roles in retention of emotional
memories(Baran et al,, 2012; Groch et al., 2013; Menz et
al.,, 2013; Nishida et al., 2009; Popa et al,, 2010). On the

Steep and Hypnosis other hand, REM sleep deprivation has been reported as
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1979), suggesting the REM sleep tend to disrupt the
emotional balance toward depression(Goldstein &
Walker, 2014; Palagini et al., 2013).

The brain functions of REM sleep have been a long
historical subject. More than 100 years ago, Sigmund
Freud published his book “The Interpretation of Dreams”,
suggesting that the instinctual wishes and drives conflict
with the present and past ethics and realities in dreams. In
1968, Dement proposed that the REM sleep may function
as energy or drive dissipation(Dement, 1969). In 1991
and 1995, Cai suggested that the REM sleep may function
to complement the role of slow wave sleep(SWS) and
shift the balance of emotion toward drive dissipation or
even depression with retention of emotional
memories(Cai, 1991; 1995; 2015a).

The peripheral functions of REM sleep

On peripheral functions, there are several possibilities.
First, it was recently hypothesized that the REM sleep
might play role in energy conservation together with
SWS(Schmidt, 2014). Nonetheless, it was demonstrated in
rodents that the REM sleep increased in duration simply
with elevation of ambient temperature(Amici et al., 1998;
Rosenthal & Vogel, 1993; 1994; Roussel et al., 1984),
implicating the physiology of REM sleep be evolved
against conservation of energy in response to temperature
decrement. Likewise, it was also reported in humans that
the REM sleep increased in duration from cool to
moderate and to warm in temperature(Haskell et al.,
1981; Karacan et al, 1978). In this regard, energy
conservation may not be the function of REM sleep.

Second, it was recently suggested that, based on
atonia, improvement of muscular efficiency may be a new
function of REM sleep(Cai, 2015b), firstly in strength and
secondly in skill. In phylogeny, this function of REM sleep
is advantageous to explain the various exceptions of REM
sleep, especially the absence of REM sleep in dolphins(Cai,
2015b; Lyamin et al., 2007; Madan & Jha, 2012; Sekiguchi
etal., 2006; Siegel, 2008) and short duration of REM sleep
in birds(Ayala-Guerrero et al., 1988, 2003; Cai, 2015b) in
contrary to that in humans(Cai, 2015b; Floyd et al., 2007)
and rodents(Cai, 2015b; Rechtschaffen et al., 1989), the
absence of penile erections in REM sleep in

armadillo(Affanni et al,, 2001; Cai, 2015b), as well as the
higher voltage in EEG during REM sleep in platypus(Cai,
2015b; Siegel et al., 1998; 1999) and ostrich(Cai, 2015b;
Lesku et al., 2011). In physiology, this function of REM
sleep is advantageous to explain the association of REM
sleep with the atonic episodes in SWS(Cai, 2015b;
Tinguely et al., 2006; Werth et al., 2002), the absence of
drastic menopausal change in duration of REM sleep(Cai,
2015b; Kalleinen et al,, 2008; Orff et al., 2012; Shaver et
al., 1988), and the different effects of ambient
temperature on duration of REM sleep in rodents(Amici
et al, 1998; Cai, 2015b; Rosenthal & Vogel, 1993; 1994,
Roussel et al., 1984) and humans(Cai, 2015b; Haskell et
al., 1981; Karacan et al., 1978). Obviously, improvement
of muscular efficiency is an important and prospective
function of REM sleep.

Third, it is necessary to consider the regulation of
temperature. It is already known that the temperature
regulation is suspended in REM sleep at the hypothalamic
level(Libert, 2003; Parmeggiani, 2003). Despite the
suspension, it is still necessary to consider that the
increment of muscular efficiency may reduce and control
the heat generation. At hot temperature, the REM sleep
may make the animals adapt to warm environments via its
atonic effects to improve the muscular efficiency(Cai,
2015b). In cold environments, it is meaningless for the
REM sleep to decrease the muscle tension as the tension
of muscles increases in response to cold in waking. In this
regard, the function of REM sleep for muscular efficiency
can partly account for the temperature regulation in
animals, especially biased to heat control and warm
adaptation rather than cold motivation(Cai, 2015b).

The ecological functions of REM sleep

On ecological functions, it was early suggested that
sleep may help maintain immobility in animals choosing
immobility as adaptive survival behavior(Meddis, 1975),
which implicated that the REM sleep might cooperate
with SWS in adaptive immobility in caves to avoid danger.
In a few species, sleep is very long in duration, such as the
armadillo(Affanni et al., 2001), bat(Zhao et al., 2010), owl
monkey(Sri Kantha et al.,, 2009; Suzuki & Sri Kantha,
2006), and so on, so that immobility is obviously their
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natural adaption. Nonetheless, Lesku et al. recently
proposed that the REM sleep manifested inverse
correlation with predation risk in most species(Lesku et
al., 2006; 2009). In this regard, the adaptive immobility in
caves to avoid danger is actually rare as exceptions.
Besides, it is also difficult to use adaptive immobility to
account for the REM sleep lengthy in carnivores which
need predominate from more predation(Savage & West,
2007) while short in birds which need take rest(Ayala-
Guerrero et al., 1988, 2003; Cai, 2015b). Whereas, as
physiological studies suggested the REM sleep tend to
disrupt the emotional balance toward
depression(Goldstein & Walker, 2014; Hicks & Moore,
1979; Palagini et al., 2013; Vogel, 1975; 1983), so that nor
supported the proposal of Lesku et al. which would
predict the REM sleep to decrease fear(Lesku et al., 2006;
2009).

Sectional summary

In all, there are preliminarily five behavioral functions
for REM sleep after puberty, which are memory retention,
drive dissipation, muscular efficiency, heat control and
adaptive immobility. In this review, it is attempted for the
first time to further categorize these functions of REM
sleep for the convenience to account for the functional
and evolutionary variations of REM sleep.

Two types of REM sleep and evolutionary
variations

Division of two types of REM sleep:

The atonic and brain REM sleep

It is herein newly suggested that it is appropriate to
categorize the functions of REM sleep into two types, the
atonic and brain REM sleep. Acquired early in evolution
in platypus(Cai, 2015b; Siegel et al., 1998, 1999),
ostrich(Cai, 2015b; Lesku et al., 2011) and reptiles(Ayala-
Guerrero & Huitrén Reséndiz, 1991; Ayala-Guerrero &
Mexicano, 2008) without desynchronized cortical
activation, the atonic functions of REM sleep are
responsible for the improvement of muscular efficiency in
most species(Cai, 2015b), for the heat control in some
species(Cai, 2015b), and for the adaptive immobility to

avoid danger in caves in a few species(Meddis, 1975),
while the brain functions of REM sleep requiring
desynchronized cortical activation and acquired more
recently in evolution responsible for assimilation of
emotional memories(Baran et al., 2012; Groch et al., 2013;
Menz et al., 2013; Nishida et al., 2009; Popa et al., 2010)
and disinhibited drives(Cai, 1991; 1995; 2015a; Dement,
1969; Goldstein & Walker, 2014), and even for
pathological generation of depression in humans(Dement,
1969; Goldstein & Walker, 2014; Palagini et al,, 2013).

The REM sleep function in the species with

short sleep duration

The REM sleep manifests phylogenetic variations in
mammals and birds(Cai, 2015b; Lesku et al., 2006; 2009).
REM sleep is absent in some dolphins(Cai, 2015b; Lyamin
et al,, 2007; Madan & Jha, 2012; Sekiguchi et al., 2006;
Siegel, 2008), and very short in duration in many
birds(Ayala-Guerrero et al., 1988, 2003; Cai, 2015b).
Obviously, the function of REM sleep is unnecessary in
these animals. Dolphins and birds are spatially free in
swimming, flying or running. Speed, force and agility are
advantageous to their adaptation in nature, while
sophisticated skills with limbs of high accuracy, low rigidity
and subtle movement are not possible to them due to
possession of neither hands nor forepaws. This may be
the reason why they are neither required to possess the
atonic function of REM sleep for muscular efficiency, nor
the practice of emotional memories in dreams.

Whereas, some mammals, such as horses and
elephants(Savage & West, 2007; Williams et al., 2008),
manifest REM sleep shorter in duration than
carnivores(Savage & West, 2007) and pennipeds(Lyamin
et al, 2002; 2012; Pryaslova et al., 2009), but longer than
those in dolphins(Cai, 2015b; Lyamin et al., 2007; Madan
& Jha, 2012; Sekiguchi et al., 2006; Siegel, 2008) and
birds(Ayala-Guerrero et al., 1988, 2003; Cai, 2015b).
They can partly improve their muscular efficiency with
atonic REM sleep, but may not be able to fully reduce
their muscle tone. Likewise, the Octodon degus were
assessed to manifest stable REM sleep(Ocampo-Garcés et
al., 2013), but less in time than other squirrels in the same
phylogenetic order. As Octodon degus are both
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intelligent and social, the stable REM sleep of shorter
duration in degus may implicate that they can partly
improve their muscular efficiency with atonic REM sleep,
but less in extent than other squirrels in the same
phylogenetic order, presumably because their social
forces surpass the muscular forces of individuals(Cai,
2015b).

In similar, it was reported(Lesku et al., 2011) that the
episodes of REM sleep in ostriches lasted 27+7 s on
average, and could last up to 5 min, the longest reported
for birds typically less than 10s in duration(Lesku et al.,
2011). This bird may also reduce their muscle tone a little
further during the atonic REM sleep in assistance to SWS.

The REM sleep functions in the species with

long sleep duration

Further longer in duration of REM sleep, in the
mammals sleeping daily as long as carnivores(Savage &
West, 2007) and pennipeds(Lyamin et al., 2002; 2012;
Pryaslova et al., 2009), or even longer than they do, the
effect of atonic REM sleep to improve the muscular
efficiency should persist, notably for increasing the
contractile strength in carnivores and pennipeds, but
might become secondary as compared to other functions
of REM sleep during the lengthy sleep. Especially,
adaptive immobility(Meddis, 1975) is the most obvious
function of REM sleep in the few mammals sleeping daily
longer than carnivores and pennipeds, such as
armadillo(Affanni et al., 2001), bat(Zhao et al., 2010), owl
monkey(Sri Kantha et al.,, 2009; Suzuki & Sri Kantha,
2006), and so on.

It is necessary to point out that Lesku et al. recently
proposed that the duration of REM sleep manifested
inverse correlation with predation risk(Lesku et al., 2006,
2009). In this regard, it is strange for these few species to
sleep very long a day. As the most plausibly correct
explanation, these few species may resort to immobility
of sleep in their caves to avoid danger(Meddis, 1975),
therefore exceptional to the proposal of Lesku et al(2006;
2009). Whereas, in most animals, the duration of REM
sleep is inversely correlated with predation risk(Lesku et
al.,, 2006; 2009), so that immobility of REM sleep would
bring disadvantage. Besides, it is also difficult to use

adaptive immobility to account for the REM sleep lengthy
in carnivores which need predominate from more
predation(Savage & West, 2007), while short in birds
which need take rest(Ayala-Guerrero et al., 1988; 2003;
Cai, 2015b). Improvement of muscular efficiency is the
more likely function of REM sleep for them(Cai, 2015b).

Origin and evolution of REM sleep functions

It is also necessary to point out that, although the REM
sleep manifests phylogenetic variations in mammals and
birds(Cai, 2015b; Lesku et al., 2006; 2009), atonia is
present in REM sleep in both of them, and even in more
ancient species, such as platypus(Cai, 2015b; Siegel et al,,
1998; 1999), ostrich(Cai, 2015b; Lesku et al.,, 2011),
reptiles(Ayala-Guerrero & Huitrén Reséndiz, 1991; Ayala-
Guerrero & Mexicano, 2008) and so on. In these ancient
animals with atonia preserved, it is not present the
desynchronized EEG activation for forebrain memory
processing. Obviously, improvement of muscular
efficiency is the common important function of their
atonic REM sleep.

It is certainly necessary to mention the function of
REM sleep on heat control. It is an accessory function of
REM sleep as improvement of muscular efficiency(Cai,
2015b), biased to heat control and warm adaptation
rather than cold motivation, which belongs to the same
category in function of atonic REM sleep. Although the
animals can control heat generation via its atonic effects to
improve the muscular efficiency(Cai, 2015b), the muscle
tension increases naturally in response to cold in waking,
so that it is meaningless for the animals to adopt the atonic
REM sleep to decrease the muscle tension. Heat control is
an important function of atonic REM sleep in some small
mammals such as rats and so on(Cai, 2015b), in contrary
to pennipeds(Lyamin et al., 2002; 2012; Pryaslova et al,,
2009) and birds(Ayala-Guerrero et al., 1988; 2003; Cai,
2015b).

Later in evolution, the atonic REM sleep acquired
desynchronized EEG activation in brain, which made
memory processing possible. It was reported that the
atonic REM sleep in armadillo was long but absent of
penile erections(Affanni et al., 2001; Cai, 2015b),
implicating the animal was able to process emotional
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memory but unable to release sexual drive during their
immobile REM sleep. It is likely that the heavily armored
armadillo might need the atonic function of REM sleep to
improve the muscular efficiency to reduce heat and
maximize the contractile strength(Cai, 2015b), together
with the practice of emotional behaviors for optimization
in usage. Whereas, the armored armadillo is accustomed
to the immobile inescapable curling state in response to
danger, so that it is unnecessary for the armadillo to use
sexual drive to counteract the depressive state from
accumulated emotional memories processed in REM
sleep(Cai, 1991; 1995; 2015a).

Nonetheless in most mammals, such as rodents,
carnivores and humans, penile erections occur together
with desynchronized EEG activation in REM sleep(Cai,
2015b). As mentioned in the “Introduction”, it was
suggested by Cai(1991; 1995; 2015a) and was also the
traditional view of Freudianism that the present and past
ethics and realities directly conflicted with the instinctual
wishes and drives in both waking and dreams. Obviously,
in rodents, carnivores and humans, it is completed the
natural conflict of emotional memories against
disinhibited drives during the REM sleep. In this regard, it
is herein reasonable to categorize these two brain
functions of REM sleep added later in evolution as
another type of REM sleep.

In parallel, the evolution of REM sleep was sketchily
depicted recently(Cai, 2015b). The function of atonic
REM sleep as improvement of muscular efficiency was
early acquired in evolution in reptiles, ostrich and
platypus. Later, the retention of emotional memories was
added to the atonic REM sleep in armadillo to make use
of the muscular efficiency. Finally, disinhibition of drives
was added to the atonic REM sleep in rodents, carnivores
and humans to assimilate the contractile strength and
muscular skills.

Sectional summary

In all, the REM sleep after puberty is divided into two
types respectively as atonic and brain REM sleep. The
atonic functions of REM sleep, acquired early in evolution
in platypus, ostrich and reptiles, are responsible for the

improvement of muscular efficiency in most species, for

the adaptive immobility in caves to avoid danger in a few
species, and also for the heat control in some species.
Whereas, the brain functions of REM sleep requiring
desynchronized EEG activation and acquired later in
evolution are responsible for both retention of emotional
memories and dissipation of disinhibited drives. This
division of REM sleep is useful to pluralistically explain the
diverse adaptive functions of REM sleep in various

species.

Two types of REM sleep in function, two
types of interactions with SWS

In consistency with the categorization of REM sleep
into two types as the atonic and brain REM sleep, the
physiological processes underlying these functions also
manifest bifurcation in interaction with other physiological
processes and states.

REM sleep and menopause

Menopause in humans manifests as decrease and even
withdrawal of sexual drive in women. Several reports
indicated that, except more frequent awakening during
sleep, most polysomnographic variables preserved with
little change from premenopausal to postmenopausal
period(Kalleinen et al., 2008; Orff et al., 2012; Shaver et
al., 1988). In accordance, even though there is drastic
decrease in sexual drive in menopause, there is little
menopausal change in duration of REM sleep, disagreeing
with the brain function of REM sleep for conflict of
emotional memories against disinhibited drives in
humans, while supporting the function of REM sleep as
improvement of muscular efficiency relatively. As the REM
sleep declines roughly with aging(Floyd et al., 2007),
immobility is obviously neither the major function of REM

sleep in humans.

REM sleep and depression

Depression is the disease in humans also with
reduction in instinctual drives. Lengthy REM sleep tends
to disrupt the emotional balance toward
depression(Goldstein & Walker, 2014; Palagini et al.,

2013), while REM sleep deprivation was shown to be
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therapeutic against depression in humans(Vogel, 1975;
1983) and ameliorative against fear in rats(Hicks & Moore,
1979). However, it is the characteristics of depression to
be both high in muscle tone and long in REM sleep,
incompatible with the atonic function of REM sleep as
improvement of muscular efficiency. Herein, it is pointed
out that the high muscle tension in human depression
results from the emotional stress from the accumulated
emotional memories in long REM sleep(Cai, 1991; 1995;
2015a). In this way, the characteristics of depression in
muscle tone are not contradictory with the atonic function
of REM sleep to improve muscular efficiency. Different
types of REM sleep produce different physiological
effects.

Interactions of REM sleep and SWS

On peripheral aspect, the REM sleep is associative
with SWS to regulate muscular efficiency. It was reported
that episodes with low muscular tone also occurred in
SWS as in REM sleep, and even associative with the
occurrence of REM sleep(Cai, 2015b; Tinguely et al.,
2006; Werth et al., 2002), implicating the atonia in REM
sleep was required for the induction of EEG activation
from brainstem, consistent with the earlier acquisition of
atonic sleep in evolution. Besides, it was even
demonstrated that daytime deprivation of REM sleep
caused an enhancement of muscular atonia during the
recovery SWS(Cai, 2015b; Werth et al,, 2002), suggesting
that the atonia in REM sleep would not function solely for
the blockade of behavioral expression of dream contents
in REM sleep, but rather implicating that improvement of
muscular efficiency was the important function of REM
sleep which could partly be compensated with the
muscular atonia during the recovery SWS.

It is noticed that, together with the coherence of SWS
and REM sleep in improvement of muscular efficiency, the
function of REM sleep in heat control(Cai, 2015b) is also
coherent with that of SWS. SWS is preferably initiated
during the circadian phase of decreased heat
production(Van Someren, 2006), while SWS-related
behaviors such as relaxation, lying down can feed back to
the thermoregulatory system to save energy(Krduchi,
2007). Atonia in REM sleep may be more efficient than

SWS in saving peripheral energy and controlling heat,
even though they are coherent in function.

It is necessary to point out that immobility is also the
common characteristic of both SWS and REM sleep, so
that it is obvious that they are coherent for adaptive
immobility to avoid danger in caves(Meddis, 1975). Taken
together, muscular efficiency, heat control and adaptive
immobility, as the atonic functions of REM sleep acquired
early in evolution, are all accomplished coherently with
SWS.

On the other hand, the brain functions of REM sleep
as retention of emotional memories and dissipation of
disinhibited drives are both counteractive with SWS.
With regard to memory processing, it was shown that
SWS might help retention of declarative
memory(Inostroza & Born, 2013; Rasch & Born, 2013),
while impair memory in emotional learning tasks, because
cueing during postlearning SWS impaired the memory
acquired in aversive task(Hars & Hennevin, 1987), and
SWS was the source of memory impairment caused by
REM sleep deprivation(Rideout, 1979). In contrast, many
experiments have shown that the REM sleep plays
functions in retention of emotional memories(Baran et al,,
2012; Groch et al,, 2013; Menz et al., 2013; Nishida et al.,
2009; Popa et al., 2010). At the cellular level, it was shown
that SWS favored LTD(Yang et al., 20123, 2012b) but not
LTP(Bramham & Srebro, 1989; Leonard et al., 1987), while
REM sleep was required for LTP(Ishikawa et al., 2006;
Ravassard et al., 2009). There are some attempts recently
suggesting that both memory retention and noise
clearance occur in SWS to reconcile the diverse
results(Giuditta, 2014). All these results clearly
demonstrated that SWS and REM sleep manifested
opposite and counteractive in memory processing.

The role of SWS in emotional regulation against
depression was postulated by Cai together with memory
processing(Cai, 1991; 1995; 2015a), while by Kupfer and
Reynolds together with aging and dementia(Kupfer &
Reynolds, 1989). SWS was shown to be related with
depression(Kupfer et al., 1990; Mendlewicz & Kerkhofs,
1991; Spiegel et al., 1986), while deprivation of stage 4
SWS in humans produced a depressive or
hypochondriacal state(Agnew et al., 1967), whereas
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increase in SWS duration in early sleep ameliorated
depression(Wehr et al., 1979). Besides, hippocampal
lesion but not neocortical lesion caused impairment of
SWS(Kim et al., 1971), while the neuronal activity in SWS
increased in hippocampus but not in neocortex(Steriade
& Hobson, 1976; Winson & Abzug, 1977). In contrast, the
REM sleep tends to disrupt the emotional balance toward
depression(Goldstein & Walker, 2014; Palagini et al.,
2013).REM sleep deprivation was reported as therapeutic
against depression in humans(Vogel, 1975; 1983) and
ameliorative against fear in rats(Hicks & Moore, 1979). All
these results clearly demonstrated that SWS and REM
sleep manifested opposite and counteractive in emotional

regulation.
CONCLUSIONS

In this review, it is preliminarily classified the behavioral
functions for rapid eye movement(REM) sleep after
puberty as memory retention, drive dissipation, muscular
efficiency, heat control and adaptive immobility. It is
newly suggested to categorize these functions of REM
sleep into two types as the atonic and brain REM sleep.
The atonic REM sleep with evolutionary origin early in
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