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The neurobiology of sleep

Roman Rutka, Sonia Pellissier, and Pascal Hot

Defining sleep

A temporal organization is observed in all animal species – from single-cell organisms to 
mammals. The most common component of these time-domain changes is a regular transi-
tion from an active state to a resting state. The resting state is referred to as “sleep” when the 
following behavioral features are present: (i) behavioral quiescence, (ii) an increased arousal 
threshold, (iii) rapid reversibility (for the transition to wakefulness), and (iv) a species-
specific location and posture. Sleep states have been clearly evidenced in mammals, birds 
and reptiles, and there is a growing body of evidence for sleep-like states in amphibians, 
fishes and even some invertebrates (Hartse, 2011; McNamara et al., 2008). However, the 
presence of several different states within sleep has only been conclusively documented for 
warm-blooded vertebrates (mammals and birds). As detailed below, each of these states is 
associated with a characteristic pattern of brain activity and is accompanied by specific auto-
nomic and behavioral signs. The occurrence of sleep depends on both circadian organiza-
tion and homeostatic regulation (Borbély, Daan, Wirz-Justice, & Deboer, 2016). Circadian 
rhythms define the duration and position of sleep during the 24-hour period, modulated by 
synchronizers, such as meal-time regularity and bed time in humans, whereas homeostatic 
regulation generates sleep pressure as a function of the time spent awake. In humans, sleep 
is constituted by three to six 90- to 120-minute cycles per night.

With an average of eight hours of sleep per day, human beings spend a significant 
proportion, around a third, of their life asleep. Although the sleeper looks as if he/she is 
inactive, his/her brain has not been “switched off”. In fact, several characteristic phases 
of brain activity are observed during sleep, each of which has its own functional role. 
Sleep and its different stages are usually studied with electroencephalography (EEG), a 
technique that reveals sleep-stage-specific variations in brain activity. As described below, 
EEG observations in humans can distinguish between the first four stages, encompassed 
by the term “non-rapid eye movement (NREM) sleep”, and a fifth “rapid eye movement 
(REM) sleep” stage.
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NREM sleep

Closing the eyes when awake increases EEG alpha waves (i.e., waves in the frequency 
domain between 8 and 12 Hz). As we fall asleep, the brain’s activity slows progressively. 
Sleep onset corresponds to the point at which alpha waves disappear and are replaced by 
lower-frequency waves (i.e., theta waves, with a frequency between 4 and 8 Hz). This 
change marks the start of the first light sleep stage: NREM-1. The EEG changes between 
wakefulness and NREM-1 occur along a continuum.

As sleep deepens, two electrical phenomena (sleep spindles and K-complexes) begin to 
appear periodically, and constitute the first neurophysiological break-point in brain func-
tion before a second continuum is reached. Both phenomena are specific markers of the 
NREM-2 sleep stage. Firstly, sleep spindles are short bursts of fast activity mainly in the 
sigma band (i.e., between 12 and 15 Hz). However, theta waves still predominate during 
NREM-2. Spindles mainly occur in central areas, with the greatest density observed near 
the supplementary motor area in the frontal lobes. These features are thought to reflect 
communication between the frontal lobe and the thalamus (Steriade & McCarley, 2005). 
The spindles’ frequencies measured on the scalp are close to those recorded in the thala-
mus, and the neurons of the reticular thalamic nucleus have been identified as the spin-
dles’ pacemakers (Wang & Rinzel, 1993). When spindles occur, sensory inputs cannot be 
relayed to the cortex because the thalamocortical neurons are hyperpolarized – reducing 
their responsiveness to peripheral stimulation. Spindles thus have a “gating” function for 
information moving from the thalamus to the cortex. The second electrical phenomenon is 
the K-complex – a brief, high-voltage peak that occurs either spontaneously or in response 
to external stimuli. The greatest density of K-complexes is observed at the vertex and in 
front of the medial line. The complexes might be generated by the Brodmann areas 6 and 9. 
Furthermore, it has been suggested that K-complexes might help to maintain the NREM-2 
sleep state by suppressing cortical arousal (Colrain, 2005). Examples of sleep spindles and 
K-complexes are depicted in Figure 24.1.

The last two stages of NREM sleep are the deepest. Although NREM-3 and NREM-4 
were initially thought of as different mechanisms, they do not differ markedly in terms 
of their EEG characteristics and function, and so are now considered as a single stage. 
NREM-3 and NREM-4 are characterized by the predominance of slow waves in the delta 
band (i.e., between 0.5 and 4 Hz), and therefore both are referred to as slow-wave sleep 
(SWS, Figure 24.1). The results of neuroimaging studies suggest that the delta rhythm 
comes from several pacemakers. Firstly, the slowest oscillations (below 1 Hz) are gen-
erated by cortical neurons and glial cells, whereas the faster oscillations (between 1 Hz 
and 4 Hz) result from spontaneous discharges by thalamocortical and pyramidal neurons. 
During NREM sleep, cholinergic activity progressively decreases in the brainstem and thus 
prompts the occurrence of spindles and SWS. Figure 24.1 shows electroencephalograms 
that are representative of wakefulness and each sleep stage.

REM sleep

Whereas the NREM sleep stages correspond to a progressive slowing in EEG and body 
activity, REM sleep represents the second functional break-point. As shown in Figure 24.1, 
the slow waves that accompany NREM sleep disappear, and the electroencephalogram 
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shows beta wave activity (i.e., at frequencies between 15 and 60 Hz). Although beta 
waves are normally associated with wakefulness, the individual is still asleep in this case. 
Pontogeniculo-occipital (PGO) waves also appear periodically during REM sleep. As their 
name suggests, PGO waves originate from the pons, reach the lateral geniculate nucleus, 
and complete their course in the primary visual areas of the occipital lobe.

Moreover, as sleep progresses through the different stages, muscle tone slowly decreases 
during NREM sleep and is fully inhibited during REM sleep. This inhibition explains why 
the sleeper is perfectly still during REM sleep, even though the brain is mimicking intense 
cognitive and/or physical activity. However, the inhibitory mechanisms involved in REM 
sleep do not influence the muscles controlling the eyes, which results in the characteristic 
rapid, twitching eye movements after which this sleep stage is named.

The different sleep stages are organized into cycles, and so a sleeper will regularly switch 
from one stage to the next during a night of sleep. On average, a cycle lasts for around 90 
minutes, although the sleep stage structure within each cycle changes as the night progresses; 
the first half of the night contains a high proportion of SWS and a few short episodes of 
REM sleep, whereas the second half contains less SWS and more REM sleep. However, 
around 50% of the total sleep time (TST; i.e., the time interval between sleep onset and 
final awakening) is spent in NREM-2 sleep. Figure 24.2 depicts a typical hypnogram (i.e., 
a representation of the changing stages during an episode of sleep), showing that the night 
is punctuated by several short periods of wakefulness. These usually last no more than a 
few minutes, and the sleeper does not remember them once he/she has fully woken up. 
Although these brief awakenings are normal, their overly frequent occurrence is a marker 
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Figure 24.1 EEG characteristics during wakefulness and the different sleep stages. The EEG 
signal recorded during NREM-2 shows a sleep spindle and a K-complex.
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of poor sleep quality. Sleep architecture is influenced by several factors. For example, pro-
cedural learning during the day increases the time spent in REM sleep during the following 
night (Rauchs, Desgranges, Foret, & Eustache, 2005). Furthermore, some disorders, such as 
depression and post-traumatic stress disorder, are associated with disturbed sleep and specific 
alterations of the hypnogram. Lastly, as will be discussed below, the characteristics of sleep 
change over the life span.

Sleep patterns change over the life span

In newborns, two types of sleep (quiet and active) are observed. Quiet sleep is the pre-
cursor of NREM sleep reported in adults. During this sleep stage, the newborn does not 
make any major body movements – other than a few upheavals. The face is often pale 
and unexpressive. There is no mimicry other than a few sucking movements. The eyelids 
are closed, and the eyes do not move. The respiratory and heart rates are quite slow and 
steady. Conversely, active sleep is the equivalent of REM sleep in adults. Active sleep 
appears in utero but becomes less common (as a proportion of TST) during the first year of 
life. This sleep stage is characterized by small movements of the fingers and toes, extensive 
movements of the arms and legs, and overall stretching and bending movements. The face 
becomes very expressive. The eyes move rapidly, and the breathing becomes irregular. The 
heartbeat quickens slightly and becomes less regular. An episode of active sleep lasts from 
ten to forty-five minutes, with an average of twenty-five minutes.

On average, a newborn sleeps for sixteen hours a day, despite marked variabilities 
between individuals. Sleep and wakefulness do not yet show night/day alternations, and 
sleep is divided into relatively short segments of three to four hours (according to ultradian 
rhythms). In contrast to adults (in whom REM sleep is never the first sleep stage), newborns 
immediately enter active sleep upon sleep onset. The sleep cycles are short (between fifty 
and sixty minutes), and active sleep alternates with quiet sleep. Active sleep accounts for just 
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Figure 24.2 A hypnogram: the course of a typical night’s sleep in a healthy adult.
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over half of the TST. Sleep patterns change profoundly during the first years of life. The 
characteristic components of adult sleep and wakefulness (night/sleep periodicity, circadian 
rhythms for most biological activities, and SWS stages) appear during the first four months 
of life. Synchronizers (regular meal times and bed time) are important factors in the devel-
opment of a stable night’s sleep without too many awakenings. One of the main changes in 
sleep patterns during infancy is the decrease in REM sleep as a proportion of the TST (from 
50% at birth to 30% at six months of age). With age, the number of daytime naps falls from 
three or four at six months to one at around eighteen months. The TST falls slowly from 
fifteen hours at around six months of age to twelve hours between three and five years of 
age. From the age of one year onwards, the first stage after sleep onset is SWS. From the age 
of four to six years onwards (i.e., when daytime naps disappear), sleep becomes very deep 
during the first part of the night. The first two sleep cycles tend to comprise deep SWS only 
and no REM sleep; the first episode of REM sleep appears only after two or three hours 
of sleep. During this very deep SWS, transition to another vigilance state is difficult. These 
characteristics explain why some sleep disorders related to deep sleep, such as night terrors 
and somnambulism, occur more frequently at this age.

At the opposite end of the life span, old age is accompanied by profound changes in 
sleep. These changes start at around the age of forty (Phillips & Mannino, 2005). With 
age, daytime sleepiness and naps become more frequent (Foley, Ancoli-Israel, Britz, & 
Walsh, 2004; Landolt & Borbély, 2001). The TST is barely affected but the number and 
duration of nocturnal awakenings increase provoking a “shallower” sleep (Carrier, Land, 
Buysse, Kupfer, & Monk, 2001). Whereas the amount of SWS decreases markedly or even 
disappears in very elderly adults, the amount of REM sleep does not change significantly 
with age. However, the night’s first episode of REM sleep occurs earlier and lasts longer. 
Moreover, the sleep/wake rhythms change: with aging, the bedtime and the waking time 
become earlier (i.e., phase advance). Aging is therefore characterized by a generalized 
decline in the circadian organization of physiological functions. In the brain, delta-wave 
activity during NREM sleep is lower in older adults than in young adults, and is associated 
with longer positive and negative slow-wave phases (Robillard et al., 2010). Furthermore, 
the spindles’ density, amplitude and duration fall with age (Martin et al., 2013). Age-related 
effects on spindle or slow-wave density and amplitude are more prominent in the forebrain 
(Carrier et al., 2011; Martin et al., 2013).

Neurobiological mechanisms

Wakefulness system

The role of the reticular formation (RF)

The state of wakefulness is underpinned by several neural networks, each of which is associ-
ated with a particular neurotransmitter. The networks’ respective activities, and thus lev-
els of alertness, are modulated by various environmental and psychological factors: stress, 
emotional states, noise, drug use, body temperature and ambient temperature can strongly 
increase (or sometimes decrease) our level of alertness. A large proportion of the arousal 
system is located in a diffuse neural network, the reticular formation (RF), which extends 
from the base of the medulla oblongata to the upper parts of the brainstem and even to 



Roman Rutka, Sonia Pellissier, Pascal Hot

430

the subthalamic and hypothalamic regions. Part of the RF, including the dorsal regions of 
the bulbar reticular, pontine, mesencephalic and the subthalamic areas, activates the brain. 
The electrical stimulation of this system reproduces all the electrocortical signs observed 
during natural awakenings. The RF’s generalized effects on the cortex are exerted via 
noradrenergic reticulocortical neurons. Stimulation of the caudal part of the RF (located 
ventrally from the midbrain to the base of the medulla oblongata) activates the spinal cord 
and facilitates postural reflexes. The effects are transmitted via noradrenergic reticulospinal 
neurons. The RF’s activity is regulated by several neural mechanisms. Firstly, neurons from 
the sensory pathways in the brainstem are interfaced with reticular neurons. The role of 
these afferents has been evidenced by studying the cortical responses to visual and auditory 
stimulation. The stimulatory effect of sensory inputs is reinforced by (i) the high density of 
synapses with reticular neurons and (ii) the convergence of heterosensory and heterotopic 
afferents on the same neuron. This strong convergence explains why the resulting activa-
tion is non-specific; the RF reacts in the same way to both auditory and visual stimuli, 
and the activation threshold is subject to non-modal summation. Furthermore, electrical 
stimulation of certain areas of the cortex amplifies the RF’s activity – suggesting that the 
brain is involved in its own awakening. These signals are carried by corticoreticular neurons 
and depend on the nature of the stimulation reaching the brain. Interoceptive messages can 
also modify the RF’s activity. This is particularly the case for the chemoreceptors of the 
aortic arch, which sense the blood’s oxygen content and can excite the reticular neurons 
during hypoxia. This mechanism helps to awaken a sleeper whose airways are obstructed. 
Hormonal influences on the RF’s arousal effect have also been reported. For example, a 
painful stimulation in animals provoked awakening in two phases: an immediate, transient 
awakening phase and then a delayed awakening phase that extended beyond the stimulation 
period. The immediate awakening phase can be explained by the non-specific effect of sen-
sory inputs, whereas the delayed arousal implies the presence of a humoral effect (probably 
based on the release of adrenaline in the blood by the adrenal medulla).

Many other chemicals that can cross the blood–brain barrier (e.g. caffeine) are likely to 
modulate the RF’s activity. It is important to note that a third part of the RF (the median 
and pontobulbar areas) can inhibit the excitatory effects transmitted by the reticulospinal 
neurons. This area of the RF can be activated, and thus reduces the level of arousal, when 
the other parts of the RF have been active for a prolonged period. Reticular stimulation 
initially facilitates a monosynaptic reflex in the cat, whereas subsequent stimulation is appar-
ently ineffective; an inhibitory corticoreticular influence seems to operate during reticular 
excitation. Hence, certain physiological states may depress the level of arousal.

The arousal/wakefulness network and other networks involved  
in wakefulness

At the end of World War I, an epidemic of highly lethal encephalitis ravaged Austria. Some 
patients were left in a state of lethargy or coma, whereas others were unable to sleep. A 
neuropathological examination of the patients’ brains enabled the Viennese neurologist 
Constantin von Economo to describe a relationship between the site of the brain lesion 
and the clinical presentation of the disease. Comatose patients had lesions in the posterior 
hypothalamus or the upper part of the mesencephalon, whereas the insomniacs had lesions 
in the anterior hypothalamus. Since that time, many researchers have tried to locate a center 
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of wakefulness. The use of neurotoxic substances that cause the specific degeneration of 
a particular category of neurons has refuted several hypotheses based on less precise tech-
niques. At present, wakefulness is thought to depend on a rather complex network of about 
ten groups of neurons (concentrating in the region between the RF and the posterior hypo-
thalamus), rather than on a single center. This network comprises two ascending pathways, 
which send projections from the brainstem and the posterior hypothalamus to the forebrain:

 • the first pathway originates in the cholinergic neurons of the brainstem, and sends 
fibers to many targets in the anterior brain and the thalamus. This nervous pathway is 
very active during wakefulness and REM sleep but is inactive during NREM sleep.

 • the second (extrathalamic) pathway originates in the aminergic nuclei of the brainstem, 
and sends projections throughout the forebrain. This pathway includes serotonergic 
neurons from the raphe nucleus, noradrenergic neurons from the locus coeruleus, and 
histaminergic neurons from the posterior hypothalamus. One of the most important 
pathways in the activating system is constituted by cholinergic neurons in the basal 
telencephalon, which directly activates cortical neurons. The extrathalamic pathway 
is active during wakefulness but becomes far less so during slow sleep, and is totally 
inactive during REM sleep.

Recent findings (e.g., Hassani, Lee, & Jones, 2009) suggest that the aminergic system’s 
arousal effect is reinforced by the firing of the orexin neurons – a small group of neurons 
located in the lateral hypothalamus. The orexin neurons’ projections to the activating sys-
tems seem to have an essential role by keeping individuals awake and by blocking NREM 
sleep. At the same time, a group of noradrenergic neurons in the locus coeruleus are very 
active and block REM sleep. These REM-off neurons fire less and less as NREM sleep 
progresses, which may account for one of the main mechanisms in wakefulness/sleep-stage 
switching. In healthy humans, it is not possible to switch directly from wakefulness to REM 
sleep; SWS is a required transition between the two.

The neurobiology of NREM sleep

As described above, wakefulness is made possible by the activity of specific brain struc-
tures. This activity must therefore be inhibited to allow sleep onset, and a number of 
mechanisms may be involved. In the anterior part of the hypothalamus, several groups 
of neurons are selectively active during sleep. Some of these groups are clustered in the 
median preoptic nucleus (MnPO), which is thought to have an important role in trigger-
ing sleep onset. Moreover, an estimated 40% of the MnPO’s neurons use the well-known 
inhibitory neurotransmitter gamma aminobutyric acid (GABA) (Gong et al., 2004; Gvilia, 
Angara, McGinty, & Szymusiak, 2005). These neurons are connected to several wake-
promoting regions, including the locus coeruleus and the dorsal raphe nucleus; the results 
of animal studies have confirmed that the MnPO’s neurons can inhibit these structures 
(Suntsova et al., 2007). These data support the hypothesis whereby the MnPO is responsi-
ble for sleep onset (Suntsova, Szymusiak, Alam, Guzman-Marin, & McGinty, 2002). Even 
though it has been proposed that the MnPO’s only hypnic function is to trigger sleep onset, 
Benedetto and colleagues found that pharmacological inhibition of this structure not only 
prevents NREM sleep but also inhibits REM sleep and promotes awakening in sleeping 
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cats (Benedetto, Chase, & Torterolo, 2012). Therefore, it is currently thought that the 
MnPO promotes both sleep onset and sleep maintenance.

Although the MnPO has inhibitory projections to wake-related structures, it also has 
a contrasting excitatory influence on another preoptic structure in the hypothalamus: the 
ventrolateral preoptic nucleus (VLPO). Damage to the VLPO causes disorders that can 
range from difficulties falling asleep to profound insomnia. In contrast, electrical stimula-
tion of the VLPO causes drowsiness, EEG synchrony (i.e., the simultaneous appearance 
of distinct electrical patterns over different regions of the brain, a typical phenomenon in 
NREM sleep), or even sleep onset. As with the MnPO, the vast majority of neurons in the 
VLPO are GABAergic, but they also use an inhibitory peptide neurotransmitter called gala-
nin (McGinty & Szymusiak, 2001; Saper, Chou, & Scammell, 2001). These VLPO neurons 
(like those in the MnPO) have projections to several wake-related structures, including 
the locus coeruleus and the raphe nucleus. However, and perhaps most importantly, the 
VLPO has inhibitory connections with the RF. As mentioned above, wakefulness is prin-
cipally mediated by the activity of the RF. Hence, its inhibition by the VLPO is therefore 
a key mechanism in the occurrence of sleep. It is interesting to note that while the RF 
receives powerful inhibitory messages from the preoptic area, it also sends monoaminergic 
inhibitory inputs to the VLPO (Brown, Basheer, McKenna, Strecker, & McCarley, 2012). 
This mutual inhibition shaping a loop of retroaction has been described as a “flip-flop 
switch” (Lu, Sherman, Devor, & Saper, 2006; McGinty & Szymusiak, 2000; McGinty & 
Szymusiak, 2001; Saper et al., 2001) – an analogy implying that (i) the RF–VLPO pair-
ing can be stable in only two states (i.e., RF-off/VLPO-on or RF-on/VLPO-off), and  
(ii) intermediate positions of the “switch” are only transitory (Brown et al., 2012; Lu et al., 
2006). This would explain why the transitions between wakefulness and sleep (and then 
between NREM sleep and REM sleep) are very brief, as evidenced by EEG recordings. 
Furthermore, it seems that the characteristic slow-wave oscillations in NREM sleep arise 
after the brainstem’s cholinergic influence has been reduced. During NREM sleep, a reduc-
tion in the activity of bulbar adrenergic neurons leads to a decrease in the activity of REM-
off neurons, which in turn remove their inhibiting action on REM-on neurons. However, 
even though the general concept of a switch is accepted, the idea that it has only two 
positions is subject to debate. Indeed, sleep-specific neurons have fast transitions between 
active and inactive states, but the firing rate of some wake-promoting neurons changes 
more slowly – suggesting a more progressive process. Hence, the activation of wake- and 
sleep-specific structures is not necessarily symmetrical (Brown et al., 2012; Takahashi, Lin, 
& Sakai, 2009). The basal forebrain (BF) lies close to the preoptic areas. In view of the BF’s 
many cholinergic projections to the hippocampus and the thalamus, it has been suggested 
that this structure is involved in wakefulness mechanisms. However, not all of the BF’s 
neurons are cholinergic, and some are active during NREM sleep. It appears that at least 
some of the BF’s neurons are GABAergic, and may silence the wake-promoting cholinergic 
neurons in the cortex and the basal forebrain itself – thus promoting sleep.

In view of the number of different systems involved in sustaining wakefulness, how 
can NREM sleep emerge on a regular basis? The circadian influence exerted by a hypo-
thalamic pacemaker (the suprachiasmatic nucleus) helps to define moments of heightened 
susceptibility to sleep pressure (Borbély et al., 2016). This influence is then independ-
ent of the amount of preceding sleep or wakefulness. By contrast, a homeostatic influ-
ence (sleep pressure) has also been described. During the waking hours, an endogenous 
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sleep-regulating substance would progressively build up in the brain and increases the sleep 
pressure. Researchers have extensively screened a variety of body fluids (blood, urine, cer-
ebrospinal fluid, etc.) for this putative, sleep-inducing, natural substance. The neuromodu-
lator adenosine is a candidate for this function. Strecker and colleagues (2000) observed an 
accumulation of adenosine in the BF and the preoptic areas of the hypothalamus, and found 
that the compound had an excitatory impact on these sleep-promoting areas. Adenosine is 
a by-product of the process by which a cell uses its energy stocks: the greater the consump-
tion and thus the replenishment of energy substrates by brain cells, the greater the level of 
adenosine production (Benington & Heller, 1995). The level of adenosine increases with 
prolonged wakefulness and then plummets during sleep. Sleep deprivation is associated 
with elevated adenosine levels, whereas blocking adenosine’s action increases vigilance. 
Taken as a whole, these observations suggest that adenosine is a biochemical marker of 
sleep debt. However, it has been observed that Siamese twins sharing the same heart (and 
therefore the same blood system) display relatively independent sleep/wake rhythms; one 
can be sleeping while the other is not, and even when both are asleep, their respective sleep 
stages are not synchronized (Sackett & Korner, 1993; Webb, 1978). It must also be noted 
that other substances could play a hypnogenic function, such as serotonin, which build ups 
during the wake in the circadian pacemaker and could inhibit its activity.

The neurobiology of REM sleep

REM sleep is prepared during the preceding SWS. It can only occur if the activity of sero-
toninergic neurons of the raphe nucleus and noradrenergic neurons of the locus coeruleus 
are inhibited. REM sleep is then possible because REM-on neurons are less inhibited by 
REM-off neurons. However, as sleep progresses, the activity of REM-on neurons increas-
ingly activates the REM-off neurons. Once the REM-off neurons are sufficiently active, 
REM sleep ends. As mentioned above, REM sleep is characterized by several distinctive 
physiological phenomena that are not observed during the NREM sleep stages. These phe-
nomena are conventionally divided into two categories: (i) tonic events that occur almost 
continuously during REM sleep, and (ii) phasic events that occur more sporadically. The 
phasic events include the rapid eye movements from which REM sleep takes its name, the 
PGO waves, and some occasional muscle twitches.

The most recognizable tonic events during REM sleep are wake-like brain activity and 
muscle atonia. Areas involved in wakefulness are active during REM sleep, which may 
explain the similarities between these two vigilance states. These areas include (i) the RF, 
(ii) the cholinergic neurons of the brainstem and forebrain, (iii) the thalamus, and (iv) the 
neocortex. However, the aminergic structures (which are also active during wakefulness) 
are almost completely silent; this constitutes one of the major differences in brain activity 
between REM sleep and wakefulness. Increased activity of the motor areas of the brain is also 
observed, although active inhibition of the motor neurons results in the aforementioned loss 
of skeletal muscle tone. It appears that posterior regions of the pons are involved in this inhi-
bition. Bilateral lesions of the dorsolateral pons selectively prevent this atonia from occurring 
(Hendricks, Morrison, & Mann, 1982; Morrison, 1988; Sastre & Jouvet, 1979). Such lesions 
in animals induce the expression of behaviors related to the dreams they were experienc-
ing: cats that had been sleeping peacefully (in NREM sleep) would suddenly stand up and 
display either aggressive or defensive behavior, in the absence of any threat or stimulation. 
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Moreover, observations of sleep in the absence of muscle atonia suggest that the inhibition 
of motor activity (observed systematically in healthy subjects) is not required for REM sleep 
onset; the sole purpose of this mechanism is rather to prevent injury to the sleeper.

Autonomic activity during sleep

As with other physiological processes (such as appetite or body temperature), the occur-
rence and architecture of sleep depend on chronobiologic modulations. All the mecha-
nisms influenced by the biological clock appear to be linked to autonomic activity, and the 
same is true of sleep. The autonomic nervous system is divided into the sympathetic and 
the parasympathetic systems. The sympathetic nervous system is usually considered to be 
an activating system that prepares the body for action, whereas the parasympathetic nerv-
ous system is associated with a return to a homeostatic state enabling recovery after action. 
Sympathetic and parasympathetic activities are usually described as a balance: an increase 
in the activity of one system is generally accompanied by a decrease in the activity of the 
other. However, neither system is ever fully silent; the systematic nature of this balanced 
relationship has been disproved in some cases. Among several peripheral measures reflect-
ing the autonomic nervous system activity, the distinction between indices mainly sus-
tained respectively by sympathetic or parasympathetic activity provides a useful approach 
to understand specific autonomic changes occurring during sleep stages. Sympathetic activ-
ity is classically measured by recording core body temperature and electrodermal activity 
(EDA, a measure of eccrine sweat gland activity that depends strictly on sympathetic nerv-
ous system activity), whereas heart rate variability (HRV) is increasingly used as a marker 
of parasympathetic activity.

With regard to thermoregulatory processes, the core body temperature fluctuates during 
the day but always falls shortly before sleep onset (Murphy & Campbell, 1997). However, 
the peripheral temperature measured at the skin surface rises at the same time (Lack & 
Gradisar, 2002; Okamoto-Mizuno et al., 2008). This may allow heat loss via the skin and 
may thus facilitate the decrease in core body temperature. The elevation of the peripheral 
skin temperature before sleep initiation is largely due to an increase in cutaneous blood 
flow caused by reduced noradrenergic vasoconstrictor tone. This tone is controlled by the 
sympathetic nervous system, and thus indicates a decline in sympathetic activity prior to 
sleep. It is worth noting that even if core body temperature follows a circadian evolution, 
skin temperature systematically increases before sleep onset, independently of the time of 
the day. Hence, this process is probably related to sleep per se, rather than to a circadian 
influence (van den Heuvel, Noone, Lushington, & Dawson, 1998). After sleep onset, a 
decrease in the firing rate of adrenergic neurons in the medulla oblongata results in a fall 
in the core body temperature, which remains low until awakening. The skin sympathetic 
nervous system’s activity mediating thermoregulation is then suppressed during NREM 
sleep (Takeuchi et al., 1994). These observations are corroborated by studies of EDA show-
ing that sleep is preceded by a reduction in EDA, confirming a decrease in sympathetic 
activity (Niimi, Watanabe, & Hori, 1968; Okamoto-Mizuno et al., 2008), although this 
change occurs a few minutes later than the thermoregulatory processes described above 
(Okamoto-Mizuno et al., 2008). The EDA remains low during NREM-2 and is at its 
lowest during REM sleep. However, several studies have reported a marked increase in 
EDA during SWS, suggesting that the sympathetic nervous system activity not only has a 
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role in sleep initiation but also follows a stage-dependent time course (Delannoy, Mandai, 
Honoré, Kobayashi, & Sequeira, 2015; Freixa i Baqué, 1983; Johnson & Lubin, 1966; 
Lester, Burch, & Dossett, 1967). However, given that EDA reflects sympathetic activity 
alone, these observations cannot be used to draw conclusions about autonomic activity as 
a whole during sleep.

HRV (i.e., variability in the beat-to-beat interval) is a suitable indicator of parasympa-
thetic nervous system activity. It is typically calculated by measuring the interval between 
consecutive R waves on an electrocardiogram. Although HRV can be decomposed 
into several indices, the most common applied approach is spectral analysis. This ena-
bles separation of high frequencies (HF, between 0.15 and 0.4 Hz) from low frequencies  
(LF, between 0.04 and 0.15 Hz). HF depend on the vagal tone and are therefore a robust 
indicator of parasympathetic activity. LF are modulated by both sympathetic and para-
sympathetic inputs, and so are more difficult to interpret (but nevertheless informative). 
Low HRV in resting state has been associated with higher vulnerability to stress, and 
is observed in several pathologies related to anxiety, such as post-traumatic stress disor-
der. In contrast, high levels of HRV have been linked to good health, suggesting that a 
healthy heart rhythm at rest is not a steady one. Spectral analyses show that sleep onset 
is accompanied by vagal dominance, as reflected by the weight of low frequencies in 
parasympathetic activity (LF/HF or LF/(LF+HF)) (Brandenberger, Ehrhart, Piquard, & 
Simon, 2001; Carrington, Walsh, Stambas, Kleiman, & Trinder, 2003; Okamoto-Mizuno 
et al., 2008; Sammito, Sammito, & Böckelmann, 2016). Studies of HRV during sleep 
have shown that parasympathetic activity predominates during the NREM stages but 
decreases during REM sleep, when sympathetic activity becomes dominant (Bonnet & 
Arand, 1997; Brandenberger et al., 2001; Elsenbruch, Harnish, & Orr, 1999; Okamoto-
Mizuno et al., 2008; Somers, Dyken, Mark, & Abboud, 1993; Trinder et al., 2001; Van de 
Borne, Nguyen, Biston, Linkowski, & Degaute, 1994; Vaughn, Quint, Messenheimer, & 
Robertson, 1995). However, there is a disparity between these HRV analyses (indicating 
an increase in sympathetic activity during REM sleep) and the above-mentioned evidence 
of a trough in EDA during this stage. However, the HRV studies were based on the  
LF/HF or LF/(LF+HF) ratios, which were interpreted as modulated by sympathetic 
inputs. This disparity disappears if one considers that these ratios reflect parasympathetic 
regulation alone, as proposed in recent reviews of the literature (Billman, 2013; Reyes del 
Paso, Langewitz, Mulder, van Roon, & Duschek, 2013).

Taken as a whole, the above findings suggest that sleep stages are associated with changes 
in the sympathovagal balance. During sleep onset and NREM sleep, the parasympathetic 
nervous system dominates its sympathetic counterpart, while the opposite is observed dur-
ing REM sleep. Moreover, some studies report that this switching occurs a few minutes 
before the onset of the different sleep stages, as if the body were preparing itself accordingly. 
Firstly, it has been reported that the above-mentioned changes in HRV and in the core 
body temperature at sleep onset are strongly associated, and can happen five to thirty min-
utes before sleep starts (Brandenberger et al., 2001; Okamoto-Mizuno et al., 2008). The fall 
in EDA occurs just a few minutes before sleep onset, i.e. after the temperature and HRV 
changes (Niimi et al., 1968; Okamoto-Mizuno et al., 2008). These observations could be 
explained by the differences of inertia among the indices of sympathetic activity, and nota-
bly that sympathetic modulation impacts vasoconstriction more rapidly than it does eccrine 
sweat gland activity. Much as is seen for sleep onset, a switch in sympathovagal balance  
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(as measured by HRV) has been observed a few minutes prior to the EEG changes that indi-
cate the transition from one sleep stage to another (Brandenberger et al., 2001; Okamoto-
Mizuno et al., 2008). More precisely, the parasympathetic input to HRV decreases and 
sympathetic activity increases rapidly five to ten minutes before entering REM sleep – 
resulting in an abrupt switch in autonomic dominance. Opposite changes are observed a 
few minutes before the return to NREM sleep; however, this return to parasympathetic 
dominance is more progressive, and increases as sleep deepens. Brandenberger et al. (2001) 
considered that changes in the sympathovagal balance mirrored the changes of delta activity 
during sleep: the LF/(LF+HF) ratio was inversely associated with the EEG delta power, 
which increased slowly from NREM-2 to NREM-4 and disappeared during REM sleep 
(Brandenberger et al., 2001). This inverse coupling is consistent with other reports of an 
association between a higher sympathovagal balance during NREM sleep and lower delta 
activity (Hall et al., 2004). These observations suggest that a number of central mechanisms 
coordinate autonomic activity and sleep rhythms, and thus ensure good sleep quality.

In summary, sleep mechanisms are linked to the activity of the autonomic nervous  
system. One can therefore hypothesize that the disturbance of one mechanism will influ-
ence the other. However, the underlying modulation has not been characterized. For exam-
ple, patients suffering from emotional conditions such as depression, post-traumatic stress  
disorder, and generalized anxiety disorder, frequently experience sleep disorders, and dis-
play abnormally low HRV at rest. Stress is generally associated with low HRV, and acute 
physiological stress decreases parasympathetic modulation during all sleep stages (Hall et al., 
2004). The resulting increase in the sympathovagal balance (i.e., LF/HF or LF/(LF+HF)) 
due to the sympathetic activation and parasympathetic dampening is associated with poorer 
sleep maintenance and lower delta activity, confirming that changes in HRV modulate 
sleep quality. The literature data on the effect of sleep disturbances on HRV is less con-
sistent. Holmes et al. (2002) found that thirty hours of sleep deprivation had no impact  
on parasympathetic activity but did lead to a decrease in sympathetic modulation. Vaara 
et al. (2009) also reported that sleep deprivation decreased the sympathovagal balance but 
(in contrast to Holmes et al.) ascribed this effect to an increase in vagal tone (Holmes, 
Burgess, & Dawson, 2002; Vaara, Kyröläinen, Koivu, Tulppo, & Finni, 2009). Conversely, 
Zhong and colleagues (2005) reported that acute sleep deprivation was associated with 
a reduction in parasympathetic modulation and an increase in sympathetic activity; this 
is consistent with what is observed during the working day after a night of poor-quality 
sleep (Jackowska, Dockray, Endrighi, Hendrickx, & Steptoe, 2012; Zhong et al., 2005). 
These discrepancies show that the exact nature of the relationship between sleep and the  
autonomic nervous system has yet to be defined.

Conclusion

Sleep is a complex phenomenon that involves various brain structures and physiological 
processes. It is composed of several stages, each of which has its own characteristics, form-
ing an architecture that changes over the lifespan. Sleep onset and composition depend on 
circadian modulations and autonomic inputs. The characteristics of the different vigilance 
states are summarized in Table 24.1. It is important to note that, even though major pro-
gress in understanding sleep has been made over the last fifty years, the brain states associ-
ated with sleep have yet to be fully characterized.
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One main characteristic of sleep is its cyclical structure, with an alternation between 
SWS and REM sleep. Ever since REM sleep was discovered in the mid-1950s, the putative 
roles of this and other sleep stages in cognitive functioning have been extensively investi-
gated. The standardization of sleep protocols (particularly sleep deprivation paradigms) and 
the development of polysomnographic recordings have helped to generate robust evidence 
of sleep’s functional roles in a wide range of cognitive activities: memory consolidation, 
decision-making and emotion regulation, amongst others. The last few years have seen a 
proliferation of multidimensional approaches designed to identify links between (i) the neu-
robiological phenomenon that characterize sleep stages and (ii) sleep’s functional influence 
on cognition. For example, there is mounting evidence to suggest that memory consolida-
tion is associated with the phasic EEG phenomena observed during NREM-2 sleep, such 
as spindles and K-complexes. We consider that a better understanding of the neurobiologi-
cal processes associated with the various sleep stages will help to unravel the links between 
cognition and sleep.
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