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Alterations in Autonomic Functions During Sleep

P. L. PARMEGGIANI AND A. R. MORRISON

Dramatic changes in autonomic function occur in
sleep. To the untutored, sleep is a period of quies-
cence, rest and stability, when little variation in au-
tonomic control is expected. Yet, in one phase of
sleep called rapid eye movement (REM) sleep (also
referred to as desynchronized, paradoxical, or active
sleep), a series of changes occurs in the autonomic
outflows through a central disruption of those neural
mechanisms controlling homeostasis. REM sleep is
characterized by muscle atonia, rapid eye move-
ments, and a low-voltage, fast-wave electroencepha-
logram (EEG). In terms of control theory, auto-
nomic regulation during REM sleep operates mostly
in an open-loop mode (i.e., lacking feedback), in
contrast to the closed-loop mode of control (i.e.,
with feedback) that occurs during other sleep stages
and wakefulness (see Parmeggiani, 1985 for review).
At present, the specific neural pathways that mediate
autonomic control required for homeostatic regula-
tion have not been resolved. Indeed, the functions of
sleep are not known, although several obvious pos-
sibilities exist, such as neuronal, as well as general
body restoration and conservation of energy.
Knowledge of the factors controlling autonomic
regulation in sleep is important for a complete un-
derstanding of normal and abnormal mammalian
physiology. Studies of a variety of autonomic func-
tions during sleep in freely behaving animals have
given important insight into control mechanisms
that the usual experimental preparations, such as
anesthetized or decerebrate animals, could have
never revealed. Furthermore, a number of sleep dis-
orders in humans affect autonomic functions, mak-
ing it essential to obtain a basic knowledge of the
neural mechanisms to provide rational treatments.
For example, respiratory dysfunction in sleep, most
commonly sleep apnea, is not rare and is assuming
a significant place in the list of possible causes of ar-
terial hypertension (Lugaresi et al., 1980). Similarly,
the study of penile erection in REM sleep, a normal
occurrence, can assist in distinguishing organic ver-

sus psychogenic causes of impotence (see Karacan et
al., 1978 for review). Moreover, alterations in gastro-
esophageal function during sleep appear to be an im-
portant cause in the pathogenesis of esophagitis (see
Orr and Stahl, 1980 for review).

This chapter will focus on the alterations in auto-
nomic activity that occur in sleep. Several examples
of these changes will be discussed. Detailed exami-
nation of all the work of the past 35 years would be
impossible here; the interested reader should consult
monographs edited by Orem and Barnes (1980) and
Saunders and Sullivan (1984) as well as the review
by Phillipson and Bowes (1986) on respiration.
There are also compendia of autonomic functions in
sleep by Orem and Keeling (1980) and Parmeggiani
et al. (1985) that provide very useful overviews.

GENERAL CHARACTERISTICS
OF SLEEP

Until quite recently, sleep was generally viewed as a
passive process. It was though that sleep depended
the withdrawal of sensory inputs to eliminate wake-
fulness, although evidence from experimental and
pathological telencephalic lesions as well as electrical
stimulation studies clearly had suggested an involve-
ment of active neuronal processes. Recognition of a
“new” phase of sleep, REM sleep, in the 1950s gave
rise to the concept that there must be intricate neu-
ronal processes actively involved in sleep and that
sleep could not be a unitary process.

In 1953, Aserinsky and Kleitman reported periods
during sleep with bursts of rapid eye movements as-
sociated with a pattern of desynchronized activity in
the EEG (Figure 20-1). Dreaming was reported dur-
ing these episodes. REM sleep has been observed in
a variety of animals as well (Dement, 1958; Jouvet,
1962; Zepelin and Rechtschaffen, 1974). In addition
to an EEG pattern that is surprisingly similar to that
of wakefulness, REM sleep is also characterized by
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Figure 20-1 Polygraphic records showing the electroencephalogram (EEG) pattern recorded from several pairs of surface
electrodes placed at standard positions on the scalp during wakefulness and sleep in humans. A dorsal view of the right
scalp is in the upper left. The electroculogram (EOG), the electromyogram of an antigravity muscle (Mylohyoid EMG),
and the thoracic pneumogram (Resp.) are illustrated. Non-REM sleep is divided into four stages (st. 1, st. 2, st. 3, and st.
4) based on the frequencies and amplitudes of the waves in the EEG. During REM sleep (st. REM), there are bursts of
rapid eye movements, muscle atonia, myoclonic twitches, and irregular respiration all recorded via surface electrodes. (Re-
produced from Lugaresi et al., 1978, with permission of the authors and publisher.)

skeletal muscle atonia, which is punctuated with in-
termittent muscular twitches. This atonia is caused
by a central inhibition of the motor neurons (Glenn
et al., 1978; Nakamura et al., 1978). During REM
sleep, neuronal activity of most cells in the brain ex-
hibit firing patterns similar to those seen in wakeful-
ness with two notable exceptions: serotonergic neu-
rons in the dorsal raphe nucleus and noradrenergic
neurons in the locus coeruleus are completely inac-
tive (see reviews by McGinty et al., 1974; Jacobs,
1987). This period is also characterized by a decrease
in sympathetic tone (Iwamura et al., 1966; Baust et
al., 1968; Reiner, 1986) coupled with a general in-
crease in parasympathetic activity (Berlucchi et al.,
1964; Baust and Bohnert, 1969).

Another important feature of REM sleep is its ir-
regularity; phasic features are irregularly superim-
posed on the tonic components that last the dura-
tion of an episode. Tonic REM sleep is characterized
by a continuously desynchronized EEG and paraly-
sis of skeletal muscles. Phasic interruptions occur in
the form of rapid eye movements and irregular
twitches of the skeletal muscles; the eye movements,

of course, result from twitches of the extraocular
muscles. Also at these times, respiration and heart
rate become irregular, the pupils briefly dilate, and
there are bursts of sympathetic activity (see reviews
by Orem and Keeling, 1980 and Parmeggiani et al.,
1985). The exact source of the bursts of excitatory
neural discharges is unknown. Electrolytic lesions of
the vestibular nuclei eliminate phasic motor
twitches, heart rate irregularities, and episodic pu-
pillary dilation (Morrison and Pompeiano, 1970),
but the nonspecificity of this technique does not
allow for an accurate determination of the CNS
source controlling these phasic alterations (see re-
view of methodologies used in sleep research by Par-
meggiani et al., 1985). Nevertheless, these findings
reveal two fundamental processes in operation dur-
ing REM sleep: skeletal muscle atonia and intermit-
tent bursts affecting the autonomic and somatic
motor nervous systems. The changes occurring in a
variety of autonomic functions will be summarized
in this chapter.

Homeostatic controls are dramatically depressed
in REM sleep. These REM sleep state-dependent ef-
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fects are most obvious in certain functions, such as
thermoregulation, which are controlled predomi-
nantly by higher brain levels. For example, hypotha-
lamic thermosensitive neurons largely lose their sen-
sitivity to thermal stimuli. Other neural systems,
such as those controlling vascular baroreceptor and
lung inflation reflexes, are depressed. This disruption
in control will be discussed in greater depth in the
sections that follow concerning circulation, respira-
tion, and thermoregulation.

Changes in motor and secretory activities of the
gastrointestinal tract are also observed during sleep
(see Orr and Stahl, 1980 for review), but they cannot
be simply explained on the basis of sleep state-de-
pendent changes in autonomic outflow. This is due
te the fact that the gastrointestinal tract is regulated
by the enteric nervous system. The latter provides an
intrinsic control that is autonomous in nature.

Sleep as it was classically known before the dis-
covery of REM sleep is now called non-REM sleep.
It is characterized by bodily quiescence and high-
amplitude, low-frequency EEG waves. Other terms
for this state are synchronized, slow-wave, or quiet
sleep. In humans, four different stages of non-REM
sleep may be distinguished on the basis of the EEG
pattern (Figure 20-1); at least two non-REM sleep
stages can be discerned in the carnivore EEG as well
(see Ursin and Sterman, 1981 for review). During
non-REM sleep, muscle tone is reduced and many
CNS neurons reach their lowest firing frequency at
this time, although some neurons in the limbic sys-
tem discharge at their highest rate (see McGinty et
al., 1974 for review). Homeostasis is maintained, al-
though it is set at a lower level, consistent with a
lower level of activity and lower metabolic demands.
Furthermore, this period is marked by a great regu-
larity in respiration and heart rate.

These two basic states of sleep (REM and non-
REM sleep) alternate periodically in an irregular
way. Under normal conditions, non-REM sleep is
always the first step of the cycle. The length of a sleep
cycle—the beginning of the non-REM sleep stage to
the end of the subsequent REM sleep period—varies
among species; it is ~ 10 minutes in rats, ~25 min-
utes in cats, ~90 minutes in humans, and ~120
minutes in elephants (Zepelin and Rechtschaffen,
1974). While the length of the sleep cycle of humans
averages about 90 minutes, the variation has a large
standard deviation. In particular, the duration of
stage 4 sleep decreases and the length of each REM
sleep phase increases as the night progresses, so that
REM sleep comprises much of the sleep in the early
morning hours (Figure 20-2). REM sleep occupies
approximately 25% of total sleep time after early in-
fancy; it dominates sleep in the newborn.

To summarize, sleep is an active and complex
process, not a period of passive withdrawal. It con-
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Figure 20-2 Schematic histogram of a night’s sleep in a
normal adult human. Non-REM sleep and REM sleep al-
ternate regularly five to six times. Slow wave sleep (non-
REM sleep stages 3 and 4) peaks during the first part of the
night, while REM sleep prevails during the second. (Repro-
duced from Lugaresi, Coccagna and Mantovani 1978, with
permission of the authors and publisher.)
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sists of two basic phases, non-REM sleep and REM
sleep, that alternate throughout the sleeping period.
REM sleep is of particular interest due to the de-
pression of homeostasis that occurs throughout its
course.

NEURAL MECHANISMS
REGULATING SLEEP

Description of the behavioral and EEG characteris-
tics of sleep is rather straightforward and noncon-
troversial; the same cannot be said about the sleep
regulatory centers and the mechanisms responsible
for sleep.

The first studies directed at trying to elucidate the
neural centers controlling sleep focused on the di-
encephalon. Von Economo observed that inflam-
matory lesions in humans resulting from encephali-
tis lethargica induced two syndromes that could be
correlated with damage in two different brain areas:
somnolence resulted from lesions in the wall of the
caudal part of the third ventricle, and insomnia fol-
lowed inflammation associated with the rostral hy-
pothalamus (Von Economo, 1917, 1930; see review
by Sterman and Shouse, 1985). Nauta (1946) later
found that damage of the posterior hypothalamic
area in rats produced a state of hypersomnolence,
whereas more rostral hypothalaniic lesions led to an
insomnia that terminated in death. More recent
studies using excitotoxins to produce cell body le-
sions support the idea that the posterior hypothala-
mus is involved in waking mechanisms (Leach et al.,
1980; Sallanon et al., 1988).

Although these studies suggested that the hypo-
thalamus was the major site in the brain regulating
sleep, emphasis began to shift toward the more cau-
dal brain stem with Moruzzi and Magoun’s (1949)
discovery of the arousal effects obtained with stim-
ulation of the midbrain reticular formation. Two ad-
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ditional findings in the early 1960s led workers to
focus almost exclusively on the lower brain stem: (1)
Jouvet (1962) demonstrated that some of the fea-
tures of REM sleep—atonia, muscle twitches, char-
acteristic pontine neuronal discharges—still oc-
curred following midbrain transection, and (2)
anatomical techniques revealed that certain groups
of serotonergic and noradrenergic neurons in the
rostral pons and mesencephalon projected widely
throughout the brain, making them good candidates
for the regulators of the sweeping changes in neural
activity that must accompany shifts in behavioral
states (see Jouvet, 1972 for review). Guided by the
results of a variety of lesion and pharmacological ex-
periments, Jouvet (1972) proposed that these two
types of monoamine-containing neurons were re-
sponsible for regulating the onset of sleep and alter-
nation between its two phases. According to this
hypothesis, serotonin-containing neurons in the
midbrain and pontine raphe nuclei promote non-
REM sleep and “prime” the occurrence of REM
sleep, whereas noradrenergic neurons of the locus
coeruleus control initiation and maintenance of
REM sleep.

Neither of these two cell groups has the physiolog-
ical properties of sleep-generating centers though.
For example, several studies have since demon-
strated that both raphe dorsalis and locus coeruleus
neurons become progressively less active the mo-
ment a cat enters non-REM sleep, and become to-
tally silent during REM sleep. Therefore, they can-
not function as the main neuronal generators of
sleep. The locus coeruleus may play a permissive
role in REM sleep generation, wherein the inactivity
of the noradrenergic neurons may permit REM
sleep to occur (Chu and Bloom, 1974; Hobson et al.,
1975; Reiner, 1986). The raphe system may sub-
serve some type of somatic sensation filtering system
that is critical for the induction of sleep (Hobson et
al., 1975; McGinty and Harper, 1976; Trulson and
Jacobs, 1978). Insomnia created by depletion of se-
rotonin via raphe lesions or pharmacologic manip-
ulations has been interpreted to be a consequence of
an animal’s inability to ignore sensory stimuli in
wakefulness after such manipulations (McGinty and
Harper, 1976).

Other neuronal cell groups in the brain stem are
also involved. Giant reticular neurons of the pontine
tegmentum, thought to be specifically active in
REM sleep, have been proposed to promote REM
sleep actively by inhibiting the noradrenergic neu-
rons (Hobson et al., 1975), but the former are active
during specific movements in wakefulness, too (Sie-
gel and McGinty, 1977, Vertes, 1979), so that their
prolonged, high activity in REM sleep may be cor-
relative only with that state. In fact, activity of cho-
linergic neurons lying in the pedunculopontine and
laterodorsal tegmental nuclei may be the caudal

brain stem initiators of the process (Mitani et al.,
1988). They project to a region of the pontine teg-
mentum that many have demonstrated to be the site
of cholinergic activation of REM sleep (cf., Ama-
truda et al., 1975).

What induces these cholinergic neurons to initiate
REM sleep? The search for these elements need not
be limited to the caudal brain stem. In fact, evidence
generally overlooked, or not recognized as signifi-
cant, points to the rostral brain; and the feature of
REM sleep that will be a focus of discussion in this
chapter, suppressed homeostasis, provides an impor-
tant clue. Although decerebrate cats exhibit all the
peripheral signs of REM sleep (Jouvet, 1962; Villa-
blanca, 1966), their REM sleep-like state has a strik-
ingly abnormal feature that has been generally ig-
nored—a variety of normal non-sleep-promoting
stimuli, such as pinching of the ear, passing a stom-
ach tube, or passively moving the limbs, will induce
these REM episodes (Jouvet, 1964). This suggests
that the caudal brain stem is unusually primed to
enter REM sleep abruptly without the normal pre-
paratory period of non-REM sleep. Since the decer-
ebrate cat is not in a well-regulated, homeostatic
state, could it be that midbrain transection releases
the caudal brain stem from the influence of higher
integrative levels that control the transition, non-
REM sleep, in intact animais from the homeostatic
state of wakefulness to the nonhomeostatic state of
REM sleep? This suggestion would lead to the con-
clusion that the initiation of normal REM sleep re-
quires changes in the forebrain neurons in the latter
part of non-REM sleep at least. These ideas are de-
veloped more fully in reviews by Parmeggiani (1985)
and Morrison and Reiner (1985).

One of the forebrain sites thought to be involved
in sleep regulation is the thalamus. This idea dates
back to experiments performed by Hess (1944), who
demonstrated that electrical stimulation in the ven-
tromedial thalamus of cats would induce the normal
sequence of behaviors associated with preparation
for sleep and then sleep itself. This work was later
extended by numerous investigators who revealed
that additional forebrain areas could be stimulated
to produce behavioral inhibition and then sleep
(Parmeggiani, 1962; Sterman and Clemente, 1962).
Although the electrical stimulation does not permit
definitive CNS localization, it has directed attention
to what appear to be key areas involved in sleep in-
duction. More recent experiments have now re-
vealed neurons in the basal forebrain that are selec-
tively activated before sleep onset (Szymusiak and
McGinty, 1986).

The sleep—wakefulness cycle as described so far is
clearly an endogenous cyclic phenomenon, but it is
likely that the pattern of its occurrence is determined
at least in part by cues that result from the changing
environmental light intensity. Entrainment is not
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dependent on activity generated in the primary vi-
sual pathway by light but, rather, involves the action
of a more direct bilaterally represented retinohypo-
thalamic pathway that innervates the suprachias-
matic nucleus (see Swanson, 1987 for review). De-
struction of this nucleus results in the loss of many
features of normal circadian behavior and, strik-
ingly, a loss of the normal distribution of sleep in the
light-dark cycle of rodents, but without reducing the
normal daily amount of sleep (Ibuka and Kawa-
mura, 1975). Therefore, the suprachiasmatic nu-
cleus is not critical for sleep generation, only its tim-
ing. Indeed, as Moore-Ede et al. (1982) state,
evidence from primates and rodents indicates that
some structure outside the suprachiasmatic nucleus
modulates the circadian timing of REM sleep. A cir-
cadian rhythm of this sleep stage still remains, even
after destruction of the nucleus. The suprachias-
matic nucleus, by virtue of its efferent projection to
the parvocellular component of the paraventricular
hypothalamic nucleus, may have important conse-
quences for autonomic function as they relate to
sleep. Detailed information on connectivity of the
suprachiasmatic nucleus and its role in sleep-wake
mechanisms may be found in reviews by Swanson
(1987) and Moore-Ede et al. (1982), respectively.

Although the actual neural mechanisms that in-
duce sleep are unknown, the idea that neurons re-
lease sleep-promoting substance(s) has attracted in-
terest. Although a number of chemicals have been
hypothesized to function as putative sleep factors,
controversy surrounds the efficacies of these sub-
stances individually and the notion that a single
compound “turns on” sleep (see Mendelson et al.,
1983 for review). However, the idea that over time
sleep factors might accumulate that would trigger
the brain to enter a particular sleep mode is emi-
nently reasonable. Krueger et al. (1990) reviewed ev-
idence indicating that a variety of chemicals affect
various aspects of the sleep cycle and proposed mod-
els of how they might influence, or modulate, neu-
ronal elements at various junctures in the sleep-
wakefulness continuum.

In summary, many brain structures participate in
the regulation of sleep, although their mode of ac-
tion is not yet fully understood. The mechanisms de-
scribed here are more extensively covered in reviews
by McGinty and Beahm (1984) and Morrison and
Reiner (1985).

AUTONOMIC OUTFLOW DURING
SLEEP

Most of our information regarding alterations in au-
tonomic function that occur during sleep has re-
sulted from end organ measurements rather than di-
rect recordings of autonomic nerve activity. This is

due to the fact that sympathetic nerves are extremely
fragile, and it is technically difficult to maintain re-
cordings from these structures in freely behaving an-
imals. For descriptive purposes, different patterns of
autonomic functions that occur during sleep will be
illustrated. Since most of these observations involve
the cardiovascular system, this discussion will ex-
tend into the next section on circulation.

The iris is innervated by both the parasympathetic
and sympathetic nervous systems. In both normal
and blinded cats, Berlucchi et al. (1964) demon-
strated that during non-REM sleep pupilloconstric-
tion occurs. Also, during REM sleep the pupil is
constricted, although phasic dilations accompany
the rapid eye movements. Since this dilation persists
after sympathectomy, it is due to a central inhibition
of the parasympathetic outflow to the iris. Thus,
pupilloconstriction is maintained during sleep as a
result of a tonic parasympathetic drive (see Chapter
14 for a discussion of pupillary pathways).

The heart is controlled by both divisions of the au-
tonomic nervous system. The changes occurring in
heart rate that are associated with the different stages
of sleep are good indicators of such innervation.
Baust and Bohnert (1969) observed that the decrease
in heart rate that occurs with the change from wake-
fulness to non-REM sleep is mainly caused by a
tonic increase in parasympathetic activity because
sympathectomy alone had little effect. The further
decrease in heart rate during REM sleep is the result
of a tonically reduced sympathetic discharge. More-
over, phasic changes in heart rate associated with
rapid eye movements are elicited by short-lasting
changes in both parasympathetic and sympathetic
activity controlled by phasic alterations in brain
stem neural activity (Gassel et al., 1964a).

The pattern of sympathetic nerve activity has been
studied in cats during sleep (Baust et al., 1968; Iwa-
mura et al., 1969; Reiner, 1986). Recordings from
renal and cervical sympathetic nerves indicate activ-
ity is either unchanged or slightly decreased during
non-REM sleep. However, during REM sleep, a
large decrease in firing rate occurs with intermittant
phasic bursts associated with rapid eye movements.
During REM sleep-like states, midbrain transected,
vagotomized, and sinoaortic denervated cats show
an increased activity of sympathetic fibers innervat-
ing the hindlimb skeletal muscles and a decrease in
neural activity in the sympathetic fibers innervating
the kidney, the gastrointestinal tract, and the pelvic
viscera (Futuro-Neto and Coote, 1982a). Futuro-
Neto and Coote (1982b) found that electrical stim-
ulation of the nucleus raphe obscurus produced sim-
ilar sympathetic nerve discharge patterns. This in-
dicates that either the raphe obscurus or some neural
pathway projecting to or through it is involved in
this patterned response.

In summary, a shift to a predominantly “para-
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sympathetic” form of activity occurs in sleep. A dra-
matic decrease in sympathetic tone occurs in REM
sleep, although phasic increases appear coinciden-
tally with rapid eye movements.

CIRCULATION

Sleep-related alterations in autonomic neural activ-
ity produce widespread effects on the cardiovascular
system. In non-REM sleep, cardiac output of cats is
only slightly reduced with respect to the awake state
as a result of the moderate decrease in heart rate with
no significant change in stroke volume (Mancia and
Zanchetti, 1980; Baust and Bohnert, 1969). Arterial
pressure decreases as a consequence of this decrease
in cardiac output as well as an accompanying fall in
peripheral vascular resistance. Small increases in
skin, mesenteric, iliac, and renal vascular conduc-
tances occur. In REM sleep, there is a more pro-
nounced bradycardia and blood pressure falls as a
result of a marked decrease in peripheral vascular re-
sistance, especially due to vasodilation of gastroin-
testinal vascular beds (Mancia and Zanchetti, 1980).
During bursts of rapid eye movements and myo-
clonic twitches, blood pressure is unstable in animals
(Gassel et al., 1964a; Guazzi and Zanchetti, 1965)
and humans (Lugaresi et al., 1978) because of phasic
periods of vagal inhibition and sympathetic activa-
tion. These two factors induce variability in heart
rate, and the tonic change in sympathetic activity
produces a decrease in vascular resistance in certain
vascular beds (Figure 20-3).

In REM sleep, the vasodilation resulting from re-
duced sympathetic activity is not global. For exam-
ple, vasoconstrictor activity occurs in the vascular
beds supplying the hindlimb musculature even dur-
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ing atonia. This vasomotor tone in flaccid muscles
reduces reflexively the hypotension that occurs in
this sleep stage (Baccelli et al., 1974). This activity
depends on a spinal reflex triggered from muscle af-
ferents. In cats with intact lumbar sympathetic
trunks, tonic vasoconstriction can be reversed into
vasodilation after dorsal rhizotomies or spinal cord
transection caudal to the emergence of the sympa-
thetic fibers. Sinoaortic denervation overrides the re-
flex by removal of the buffering action of those
nerves on the brain stem inhibitory mechanisms
controlling the sympathetic outflow (Baccelli et al.,
1978). In contrast, Futuro-Neto and Coote (1982a)
found in the decerebrate, sinoaortic-vagotomized cat
that the increase of sympathetic vasoconstrictor out-
flow to the hindlimbs depends only on a central
mechanism. The high level of activity in the limb va-
soconstrictor fibers seen after dorsal rhizotomy,
however, may result from the decerebration itself,
because somatic reflexes seen during REM sleep can
be facilitated or inhibited depending onthe midbrain
level of transection (Sterman et al., 1974). The spe-
cific CNS area modulating these sympathetic re-
sponses is unknown.

In REM sleep, a redistribution of blood flow oc-
curs in various vascular beds (Reis et al., 1968). It
was reported that blood flow to red muscle (slow
twitch) decreases, whereas blood flow to white mus-
cle (fast twitch) is unchanged (Reis et al., 1969). In
contrast, Lenzi et al. (1989) were unable to confirm
this result since in white muscle they found an in-
crease in blood flow during REM sleep. This latter
result is compatible with the principle of blood flow-
muscle activity coupling. Flow to red muscles, which
sustain postural tonus, should decrease in associa-
tion with REM sleep atonia. On the other hand,
white fibers that are inactive in non-REM sleep
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(Reproduced from Lugaresi et al., 1978, with permission.)
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twitch in REM sleep, which would account for the
increase in blood flow seen by Lenzi et al. (1989).
Red muscles twitch as well (Gassel et al., 1964b), but
this seems to be quantitatively less significant than
the loss of their tonic postural activity.

The decrease in blood pressure that occurs during
REM sleep could be disastrous were it not for the
buffering action of peripheral reflexes (Guazzi and
Zanchetti, 1965). In particular, after sectioning of
the aortic and carotid sinus nerves in cats, blood
pressure increases mildly during wakefulness, de-
creases little more than usual during non-REM
sleep, but falls precipitously during REM sleep (Fig-
ure 20-4). Heart rate diminishes more in both sleep
states, although the change is less dramatic than in
the case of blood pressure. Sinoaortic denervation
induces a greater vasodilation in the splanchnic vas-
cular bed and a reversal of the constriction in the
limbs to vasodilation. In a small percentage of de-
buffered animals, blood pressure drops sufficiently to

cause cerebral ischemia, flattening of the EEG, and
arousal. Thus, the sinoaortic afferents temper the
usual brain stem-generated changes in REM sleep.
Selective removal of either baroreceptor or chemo-
receptor afferents demonstrates that the effects are
largely due to eliminating the latter. In conclusion,
the hypotension of REM sleep is buffered in the cat
by chemoreceptor reflexes, whereas baroreceptor re-
flexes are depressed (Mancia and Zanchetti, 1980;
Knuepfer et al., 1986).

However, in other species, such as the rat, the
baroreceptor reflexes are more important in the gen-
esis of REM sleep cardiovascular phenomena. In
this species, arterial pressure increases during REM
sleep as a result of a higher sensitivity of the baro-
receptor reflex, whereas in baroreceptor-denervated
rats a severe reduction in pressure occurs as in the
cat (Junqueira and Krieger, 1976; Lacombe et al.,
1988; Meunier et al., 1988). Circulation is affected
during REM sleep by the same central influences
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that operate in the cat, the prevalence of either baro-
receptor (rat) or chemoreceptor (cat) reflexes deter-
mining largely the pattern of the cardiovascular re-
sponse. In humans, the changes in autonomic
outflow during non-REM sleep are probably similar
to those occurring in the cat (Coccagna et al., 1971;
also Jones et al., 1980 for review). Therefore, the
tonic decrease in arterial pressure during all stages of
non-REM sleep may be explained on the basis of
similar changes in heart rate, cardiac output, and pe-
ripheral vascular resistance. In contrast to the situa-
tion in the cat, heart rate and arterial pressure may
not fall further or may even increase in REM sleep
in humans, which has been hypothesized by Mancia
and Zanchetti (1980) to be the result of a greater in-
cidence of phasic events with accompanying pulses
of sympathetic activity (Iwamura et al., 1966; Baust
et al., 1968; Reiner, 1986) and a higher sensitivity of
baroreceptor reflexes than in the cat.

To summarize, non-REM sleep is characterized
by regularity of cardiovascular function at a reduced
rate of cardiac contraction and REM sleep by a dis-
tinguishable irregularity and a depression of reflexes
that are species specific. Further discussion may be
found in reviews by Jones et al. (1980), Mancia and
Zanchetti (1980), and Coote (1982).

RESPIRATION

Striking changes occur in the control of breathing
during different behavioral states. These involve re-

adjustments in the various controls, both automatic
and voluntary, that operate to drive breathing and
to maintain a given rate and depth of respiration
(tidal volume) (see Phillipson and Bowes, 1986 for
review). Unlike the cardiovascular system, impor-
tant components of the respiratory system are, of
course, somatic, but must be considered along with
changes in autonomic functions to present an inte-
grated picture.

Respiratory mechanisms are closely linked to the
CNS sleep—wakefulness mechanisms. Certain respi-
ratory neurons in the pons and medulla oblongata
decrease their activity with the changes from wake-
fulness to non-REM sleep and then to REM sleep
(Lydic and Orem, 1979; Orem et al., 1974). This is
independent of sensory input, as demonstrated by
extensive deafferentations (Netick and Foutz, 1980).
Other respiratory neurons fire in conjunction with
the phasic bursts of activity, such as pontogenicu-
looccipital (PGO) waves and rapid eye movements,
that characterize REM sleep (Orem, 1980; Sieck and
Harper, 1980).

The net effect on respiration of these changes in
neuronal activity as an animal passes from wakeful-
ness through the various phases of sleep has been
suggested to occur as follows: deactivation of neu-
rons in the reticular formation occurs with onset of
non-REM sleep and this results in the loss of the so-
called “wakefulness stimulus” with a slowing and
regularization of respiration and an overall decrease
in ventilation, in non-REM sleep stage 4 (Figure 20-
5) (Fink, 1961). The neural substrate of the wake-
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Figure 20-5 Aspects of respiration during sleep in the normal human individual. During stage 4 of non-REM sleep, res-
piration becomes very regular. During REM sleep, frequency and depth of respiration are irregular and at times short
episodes of apnea appear. Respiratory irregularities coincide with bursts of rapid eye movements. F,-C, and C,-P,, standard
electrode placements for human electroencephalograms; Oculog., electrooculogram; Resp., thoracic pneumogram. (Repro-

duced from Lugaresi et al., 1978, with permission.)
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fulness stimulus is not known; however, it is certain
from lesion work that there is no simple linkage with
the reticular activating system (see Orem, 1984 for
review). During REM sleep, respiration becomes ir-
regular in rate and depth, depending on the partic-
ular patterns of phasic activations that occur.

Respiratory muscle activity changes with sleep
onset (Dick et al., 1982). The most profound alter-
ations appear during REM sleep as is the case with
purely postural and locomotor musculature. Many
workers report little change in tonic intercostal ac-
tivity during non-REM sleep and an increase in pha-
sic contractions, leading to an increase in the depth
of respiration (Phillipson and Bowes, 1986 for re-
view). On entering REM sleep, though, tone of the
intercostal muscles essentially disappears, and pha-
sic respiratory activity in several of these muscles is
also markedly reduced or even temporarily sup-
pressed (e.g., see Duron and Marlot, 1980) (Figure
20-6), although they are active in temporal relation
to the general muscular twitches (Wurtz and O’Flah-
erty, 1967; Orem et al., 1977b). During REM sleep,
phasic activity of the diaphragm continues almost
unchanged in all species studied, or, of course, res-
piration would cease. Tonic activity of the diaphrag-
matic musculature, which is present only in humans
during non-REM sleep (Muller et al., 1979), not cats
(Parmeggiani and Sabattini, 1972), diminishes
dramatically.
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Figure 20-6 Activity of respiratory muscles during sleep in
the cat. At the onset of REM sleep tonic postural activity
(EMG) disappears and phasic respiratory activity decreases
in the external intercostal muscle (EI) recording (arrow).
The phasic respiratory activity of the diaphragm persists al-
most unchanged. Note also the increase in respiratory fre-
quency. D, integrated electromyogram of diaphragm;
EEG, electroencephalogram; EI, integrated electromyo-
gram of an external intercostal muscle; EMG, neck muscle
electromyogram; HT, hypothalamic temperature; RM,
thoracic pneumogram; s, seconds. (Reproduced from Par-
meggiani et al., 1973, with permission.)

The tone of the upper airway muscles changes in
sleep. These are important determinants of obstruc-
tive apneas during sleep (see Phillipson and Bowes,
1986 for review). Tonic tongue (Sauerland and
Harper, 1976), pharyngeal (Sauerland et al., 1981),
and laryngeal (Orem and Lydic, 1978; Sherry and
Megirian, 1980) musculature activity associated
with upper airway dilation decreases in non-REM
sleep and essentially vanishes in REM sleep. Overall,
there are increases in upper airway resistance in
sleep that are highest in REM sleep due to partial
collapse of the airway and reduction or absence of
phasic inspiratory activity of the muscles (Orem et
al.,, 1977a, b).

The transition from wakefulness to non-REM
sleep consists of the progressive inactivation of the
voluntary control mechanism and release of the au-
tomatic control mechanism (see Figure 20-7). Reg-
ular breathing begins with stages 3 and 4 of non-
REM sleep. At this point, breathing is driven by the
automatic control mechanism. Ventilation de-
creases according to the metabolic rate. Various ma-
nipulations—vagotomy (Remmers et al., 1976), spi-
nal cord transection (Foutz et al., 1979), and pontine
lesions in the pneumotaxic area (Baker et al.,
1981)—do not interfere with the slower, deeper pat-
tern of breathing, suggesting that sleep alters several
mechanisms involved in pattern generation and re-
duces the drive of medullary respiratory neurons
(see Phillipson and Bowes, 1986 for review). A con-
comitant increase in both alveolar and arterial CO,
partial pressures associated with a decrease in alve-
olar arterial O, partial pressures has been observed
(e.g., Guazzi and Freis, 1969). These changes in res-
piratory variables are appropriate for a state of rest
with minimum energy expenditure such as non-
REM sleep.

Although the operation of the automatic control
mechanism appears to be tuned to a lower activity
level in non-REM sleep, all the normal physiological
compensatory mechanisms are maintained. The
sensitivity to CO, and O, changes is only moderately
reduced (see Phillipson and Bowes, 1986 for review).
Pulmonary inflation and deflation reflexes remain ef-
fective during non-REM sleep in both infants (Finer
etal., 1976) and animals (Farber and Marlow, 1976;
Phillipson et al., 1976a,b).

Older experimental evidence obtained via electri-
cal stimulation in the hypothalamus of cats points to
the existence of hypothalamic influences on brain
stem regulatory mechanism and to the probability
that these are operable in wakefulness and non-
REM sleep but not in REM sleep (see Parmeggiani,
1979 for review). Hypothalamic stimulation will
elicit lung inflation- or deflation-like effects in the
first two states but not in REM sleep (Parmeggiani
et al., 1981). Vagal stimulation is still effective in
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Figure 20-7 Voluntary and automatic control mechanisms
of breathing during the wake-sleep cycle. W, voluntary
(cortical) and automatic control mechanisms of breathing
during wakefulness; SS, automatic control mechanism of
breathing during non-REM sleep (synchronized sleep); DS,
automatic control mechanism of breathing during REM
sleep (desynchronized sleep). Solid lines indicate tonic in-
fluences; dashed lines indicate phasic influences; + and
—, excitatory and inhibitory net influences, respectively,
regardless of the specific synaptic organization. CI, chro-
notropic influences; CO,, capnoreceptive inputs; HT, hy-
pothalamus; IM, intercostal motoneurons; MS, mechano-
receptive inputs; O,, oxyreceptive inputs; P-M, pons and
medulla; PHM, phrenic motoneurons; PM, postural mo-
toneurons; PO-AH, preoptic region and anterior hypo-
thalamus; PSI, phase switching influences; PVI, postural
voluntary influences; RC, respiratory centers; RF, reticular
formation; RVI, respiratory voluntary influences; SC, spi-
nal cord. The simplified scheme shows functional relation-
ships among voluntary and automatic control mechanisms
of both breathing and posture in the different behavioral
states. Note the slight depression of capnoreceptive respi-
ratory responses in non-REM sleep (SS) and the strong de-
pression of the same responses during phasic activity (rapid
eye movements, myoclonic twitches) in REM sleep (DS).

REM sleep, though indicating that the state-related
changes are occurring rostral to the lower brain
stem. The fact that the central effects are state related
strongly supports the conclusion that integrative
structures within the hypothalamus, not fibers of
passage alone, are being stimulated. Thus, there is
justification in including hypothalamic structures in
the autonomic control mechanism of respiration in
non-REM sleep to explain not only full homeostatic
regulation, but also complete integration of all input
variables influencing respiration in normal condi-
tions [Figure 20-7, SS(NREM sleep)]. A general re-
organization within the forebrain must be consid-
ered as well, however, for the effects of orbital cortex
stimulation on respiratory cycle timing in cats are
also suppressed during REM sleep (Marks et al.,
1987) [Figure 20-7, DS(REM sleep)].

During REM sleep, a profound alteration in res-
piratory rhythmogenesis occurs (see Figure 20-7).
Note that potential cortical influences have been re-
introduced into the scheme because of the similarity
of EEG and single neuronal activity patterns when
compared with wakefulness (see McGinty et al,
1974, for review). The respiratory rhythm in hu-
mans and animals is very irregular (Aserinsky and
Kleitman, 1953; Snyder et al., 1964; Duron and
Marlot, 1980), the average frequency being in-
creased or decreased with respect to the rate attained
during non-REM sleep in eupnea or polypnea, re-
spectively (Parmeggiani and Sabattini, 1972). Alve-
olar ventilation may be variable too as shown by ei-
ther a decrease or no change in alveolar CO, partial
pressure. It is important to stress that such distur-
bances are of central origin as they persist after va-
gotomy (Remmers et al., 1976), section of the spinal
cord at T1-T2 (Thach et al., 1977), afferent dener-
vation of the midthoracic chest wall (Phillipson et
al., 1977), denervation of carotid and aortic chemo-
and baroreceptors (Guazzi and Freis, 1969), hyper-
capnia (Phillipson et al., 1977), and hypoxia (Phil-
lipson et al., 1978). Respiratory responses to hyper-
capnia are depressed whereas those to hypoxia are
unchanged (Figure 20-8) (Bryan et al., 1976; Phillip-
son et al., 1977; Bolton and Herman, 1974; Phillip-
son et al., 1978). The inflation reflex is practically
abolished during REM sleep in dogs and human in-
fants (Phillipson et al., 1976a,b; Finer et al., 1976).
The arousal threshold is increased in REM sleep as
compared to non-REM sleep (see Phillipson and
Bowes, 1986 for review).

From these results, it may be surmised that the
changes in chemoreceptive and mechanoreceptive

Also some mechanoreceptive responses (e.g., lung infla-
tion) are depressed in this stage of sleep. (Reproduced from
Parmeggiani, 1979, with permission.)
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Figure 20-8 Breath-by-breath response of
minute volume ventilation (¥;) response to
decreasing arterial O, saturation (Sag,) and
to increasing alveolar partial pressure of
CO; (Pao,) in a sleeping dog. Filled circles,
non-REM sleep slow wave sleep; open cir-
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respiratory reflexes during REM sleep are different,
depending on the degree of their normal subordina-
tion to higher levels of integration in various species.
In this regard, it is particularly interesting that dur-
ing REM sleep oxyreceptive inputs maintain their
influence not only on breathing (Bolton and Her-
man, 1974; Fagenholz et al., 1976; Phillipson et al.,
1978), but also on blood pressure in cats since bar-
oreceptive, but not chemoreceptive, reflexes are
strongly depressed in that species (Mancia and Zan-
chetti, 1980; Guazzi et al., 1968).

To summarize, the combination of behavioral
and metabolic controls of respiration during wake-
fulness is replaced by purely metabolic control in
non-REM sleep. Hypotonia of respiratory muscles
places an added burden on the system in REM sleep
as well. For more extensive reviews of respiration in
sleep, see reviews by Phillipson and Bowes (1986),
Orem (1984), Mathew and Remmers (1984), and
Sullivan (1980).

THERMOREGULATION

Changes in thermoregulation during sleep provide a
very clear example of the effects of behavioral state
on physiological functions and autonomic activity.
In non-REM sleep, both brain and body tempera-
tures decrease independently of ambient tempera-
ture. This phenomenon is consistent with a regu-
lated state of body quiescence. In REM sleep,
however, brain temperature increases within a rela-
tively wide range of ambient temperature, whereas
body temperature is affected as in poikilothermic an-
imals (Parmeggiani et al., 1971). Only at relatively
low ambient temperatures, the absolute value de-
pending on the size of the animal, does brain tem-
perature decrease during REM sleep (Van Twyver

90
S agy (%)

and Allison, 1974; Walker et al., 1983; Parmeggiani
et al., 1984). Moreover, the external thermal envi-
ronment plays a role in determining the appearance
of sleep, for at extremes of temperature, both the
amount and quality of sleep are significantly
changed in animals and humans (e.g., Parmeggiani
and Rabini, 1970; Schmidek et al., 1972; Palca et al.,
1986). In fact, maximal REM sleep time defines a
narrower thermoneutral zone than does minimal
metabolic rate (Szymusiak and Satinoff, 1981).

Thermoregulatory responses to thermal loads may
be classified as behavioral (posture, motor activity
related to the search for thermal comfort) and au-
tonomic or physiological (vasomotion, piloerection,
shivering, metabolic heat production, panting,
sweating). Here the latter will be considered, but it
should be noted that full expression of behavioral
thermoregulation—changing of the sleep posture in
different ambient temperatures—will occur in non-
REM sleep. REM sleep, in contrast, is characterized
by a stereotyped skeletal muscle atonia, which is un-
related to the thermal load.

During non-REM sleep, core temperature is reg-
ulated at a lower level than in wakefulness, due to
the general decrease of energy expenditure typical of
this stage of sleep. This could result from a simple
resetting of the threshold temperatures of the differ-
ent thermoregulatory responses, but work in rats
(Glotzbach and Heller, 1976), cats (Parmeggiani and
Sabattini, 1972), and humans (Sagot et al., 1987)
suggests that the gains of the different thermoregu-
latory mechanisms may be affected during non-
REM sleep. As Figure 20-9 illustrates, cooling the
hypothalamus with a thermode elicits an increase in
metabolic activity as measured by oxygen consump-
tion. This change occurs at a lower hypothalamic
temperature in non-REM sleep than in wakefulness,
but also has a markedly reduced slope in non-REM
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sleep (Glotzbach and Heller, 1976). Although these
effects might also involve the impairment of fibers of
passage, the presence of a concentration of thermo-
sensitive cells in the hypothalamus that are affected
by the behavioral state changes (see below) suggests
that the hypothalamus itself is a key structure in this
effect. This sleep-dependent depression of metabolic
heat production, or nonshivering thermogenesis, is
associated with an enhancement of other thermoreg-
ulatory responses. For example, both shivering and
panting increase in intensity during non-REM sleep
with respect to wakefulness in cats (Parmeggiani and
Sabattini, 1972).

Temperature regulation is essentially suspended
during REM sleep in small, furred animals (see Par-
meggiani, 1980; Heller and Glotzbach, 1985 for re-
views). It is uncertain whether the same occurs in
humans (Parmeggiani, 1987). Thermoregulatory re-
sponses to environmental heating and cooling, such
as shivering and panting, are suppressed (Parmeggi-
ani and Rabini, 1970) (Figure 20-10). Panting will
occur only at unpredictable times during REM sleep
when cats have been kept at ambient temperatures
over 30°C for several hours, and in situations where
the panting rate prior to entering REM sleep is more
than 100/minute (Amini-Sereshki and Morrison,
1988). This result may be attributed to activation of
extrahypothalamic thermoregulatory mechanisms
(see Satinoff, 1978 for review).

Disappearance of shivering in REM sleep is not
due to concomitant muscle atonia. Small lesions of
the dorsolateral pontine tegmentum eliminate skel-
etal muscle atonia and allow complex behaviors

MR, metabolic rate. (Reproduced from Glotzbach

38 and Heller, 1976, with permission. Copyright

1976 by the American Association for the Ad-
vancement of Science.)

(Hendricks et al., 1982), leaving other aspects of
REM sleep intact (Jouvet and Delorme, 1965; Hen-
ley and Morrison, 1974). In such preparations dur-
ing “REM sleep without atonia,” shivering, al-
though even violent in wakefulness and non-REM
sleep, vanishes in REM sleep (Hendricks, 1982).
This observation is made even more dramatic by the
fact that during wakefulness cats with such lesions
both shiver and pant at thresholds lower than nor-
mal (Amini-Sereshki and Morrison, 1986).

The decreased sympathetic activity in REM sleep
is mirrored in other altered thermoregulatory phe-
nomena. Piloerection in the cold disappears when a
cat enters REM sleep (Hendricks, 1982) and thermal
sweating in humans is depressed (e.g., Sagot et al.,
1987).

Changes in ear skin temperature in response to
variations in ambient temperature depend on blood
flow, and demonstrate the absence of thermoregu-
latory vasomotor control during REM sleep in cats
(Parmeggiani et al., 1977) and rabbits (Franzini et
al., 1982). At a temperature below thermoneutrality,
the skin warms on entrance into REM sleep as a
consequence of vasodilation following the fall in
sympathetic vasoconstrictor activity. At tempera-
tures above or at thermoneutrality, skin temperature
drops due to the lowering of blood pressure and ac-
companying passive vasoconstriction that results
from the decrease in transmural pressure.

Thermoregulatory responses to direct thermal
stimulation of the hypothalamus are also depressed
during REM sleep. There is no metabolic response
(Figure 20-9) to cooling the hypothalamus of the
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Figure 20-10 Shivering and panting during sleep in the cat. At low ambient temperature (6°C) shivering is evident in the
neck muscle electromyogram during non-REM sleep (A) but absent during REM sleep (B). At high ambient temperature
(36.5°C) tachypnea is evident during non-REM sleep (C) and disappears during REM sleep (D). P and O, parietal and
occipital electroencephalograms; Hp, hippocampogram; EMG, electromyogram of neck muscle; RM, thoracic pneumo-
gram. (Reproduced from Parmeggiani and Rabini, 1970, with permission.)
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Figure 20-11 Respiratory responses to preoptic warming during sleep. Preoptic warming during non-REM sleep (A) elicits
a long-lasting and high-frequency tachypnea in spite of an increase in hypothalamic temperature that is smaller than that
eliciting only a short-lasting and irregular tachypnea during REM sleep (B). Note that in the latter case the effect of preoptic
warrhing on hypothalamic temperature is superimposed on its spontaneous increase during REM sleep. EEG, electroen-
cephalogram; EMG, electromyogram of neck muscle; HT, hypothalamic temperature (recorded 5 mm behind the warming
electrodes); RM, thoracic pneumogram; mW, milliwatt (diathermy). (Reproduced from Parmeggiani et al., 1973, with
permission.)
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kangaroo rat in REM sleep (Glotzbach and Heller,
1976). Similarly, warming the hypothalamus in cats
(Parmeggiani et al., 1973, 1976) does not induce
panting in REM sleep, although it will in non-REM
sleep at a specific threshold temperature. Even
strong heating elicits a weak tachypneic response
during REM sleep, an effect that is in no way com-
parable to that observed during non-REM sleep
under the same experimental conditions (Figure 20-
11). Moreover, in cats (Parmeggiani et al., 1977), hy-
pothalamic warming elicits ear skin vasodilation in
non-REM sleep, but no such effect in REM sleep
(Figure 20-12).

An inactivation during REM sleep of the hypo-
thalamic temperature regulator may be inferred
from these changes in thermoregulatory responses to
both peripheral and central thermal stimulation.
However, a crucial answer to this question awaited
study of specific hypothalamic preoptic neurons dur-
ing the wake-sleep cycle. Studies on thermosensitive
neurons in two species, the cat (Parmeggiani et al.,
1983) and the kangaroo rat (Glotzbach and Heller,
1984), show consistent changes in neuronal ther-
mosensitivity that are state dependent. Using short-
lasting thermal stimuli, it has also been possible in

cats to study the temporal relationship of hypotha-
lamic—preoptic neuronal thermosensitivity changes
with EEG patterns and thermoregulatory effector ac-
tivity (Parmeggiani et al., 1986). Cold- or warm-sen-
sitive neurons respond inversely with either an in-
crease or a decrease in firing rate during wakefulness
and non-REM sleep depending on the direction of
the temperature change (cooling or warming) in-
duced by thermodes placed in the hypothalamic-
preoptic region, but the majority lose their sensitiv-
ity to such stimulation during REM sleep (Figure
20-13). Essentially this amounts to an open feedback
loop at the hypothalamic preoptic level of the tem-
perature regulator. A more recent study in the cat
(Parmeggiani et al., 1987) examined state-specific
activity patterns of the population of thermosensi-
tive neurons. Similarly shaped frequency distribu-
tions of neuronal thermosensitivity characterize
wakefulness and non-REM sleep, but the frequency
distribution of neuronal thermosensitivity is modi-
fied in REM sleep with respect to the other two
states. A drop in the responsiveness to thermal stim-
ulation of a majority of neurons is associated with a
reversal in the sensitivity to cooling and warming of
a minority of neurons. Such changes in REM sleep
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Figure 20-12 Hypothalamic and ear skin temperature changes elicited by preoptic warming during sleep at an ambient
temperature slightly below thermal neutrality. (A) Preoptic warming during non-REM sleep elicits a steep increase in ear
skin temperature (thermoregulatory heat-loss response). (B) The same preoptic warming during REM sleep does not affect
the spontaneous increment of ear skin temperature occurring during this stage of sleep as a result of the decrease in sym-
pathetic vasoconstrictor outflow. EEG, electroencephalogram; EMG, electromyogram of neck muscle; SWS, non-REM
sleep; FWS, REM sleep; Thy, hypothalamic temperature (recorded 3 mm behind the warming electrodes); T, ear skin
temperature; 7, ambient temperature; mW, milliwatt (diathermy). (Reproduced from Parmeggiani et al., 1977, with
permission.)
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Figure 20-13 Relative changes in firing rate (percentage spikes/second) of thermosensitive neurons as a function of anterior
hypothalamic-preoptic temperature changes (filled triangle, Thy-po in degree Celsius) elicited by water-perfused thermodes
during the waking-sleeping cycle. (A) The responsiveness of a cold-sensitive neuron is greater in wakefulness (filled circles)
than in non-REM sleep (open circles). (B) A cold-sensitive neuron during non-REM sleep (open circles) is thermally in-
sensitive during REM sleep (filled circles). (Data from Parmeggiani et al., 1983, with permission.)

decrease or abolish the hypothalamic preoptic drive
on thermoregulatory effectors. A residual thermo-
regulatory capability may be maintained by the re-
lease of subordinate extrahypothalamic brain stem
mechanisms (Satinoff, 1978).

To summarize, the thermal environment greatly
influences sleep, but the sleep state, in turn, has a
profound effect on thermoregulation, most notably
in REM sleep when furred animals become essen-
tially poikilothermic. The data and concepts pre-
sented in this section are reviewed in more detail by
Parmeggiani (1980) and Heller and Glotzbach
(1985).

CONCLUDING REMARKS

The chapter has centered on mammalian sleep, al-
though bird sleep has similar properties. Whether
other vertebrate classes exhibit REM sleep remains
controversial. A key point may be that mammals
and birds are endotherms, their highly efficient cen-
tral thermoregulatory systems enabling them to per-
form at a high level of activity throughout a wide
range of environmental conditions, whereas many
other animals cannot. What purpose could be
served, then, by surrendering tight homeostatic con-
trol while already vulnerable because of reduced sen-
sory responsiveness no less? The answer is not self-
evident, in large measure because we simply do not
know what purpose(s) REM sleep serves. It could be

that tight regulation is suspended in REM sleep be-
cause certain neurons critical for control rest during
these periods. Siegel and Rogawski (1988) have re-
viewed substantial evidence suggesting that REM
sleep, with its attendant silence of noradrenergic
locus coeruleus neurons, serves an important func-
tion in up-regulating or preventing the down-regu-
lation of noradrenergic receptors as a result of the
continual waking activity of these neurons. In any
event, homeostatic regulation is held in abeyance be-
cause for some as-yet-uncertain reason the state of
REM sleep seems to take precedence (within certain
environmental limits as discussed above). This
would not be without precedent; for an interruption
of regulation can be accomplished voluntarily for
some functions in wakefulness by cortical influences
acting on the brain stem, for example, suspension of
respiration during speech; but it can also occur with-
out conscious effort, for example, a cessation of shiv-
ering with intense arousal to a stimulus. Whatever
the reasons might be, though, recognition that
changes in the physiology of the body can be quite
profound during REM sleep forces one to a broader
view of the activity of the autonomic nervous system
and the meaning of the phrase, “normal function.”

SUMMARY

Sleep is an active, complex state that depends on the
engagement of a number of neuronal groups
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throughout the brain. Two different phases, non-
REM sleep and REM sleep, alternate in a predict-
able way throughout a sleeping period. REM sleep is
of particular interest from the standpoint of the au-
tonomic nervous system because regulation of ho-
meostasis is grossly depressed. The reason for this re-
mains a mystery.

Non-REM sleep is characterized by a tonic in-
crease in parasympathetic activity, which is also
maintained throughout REM sleep. There is no or
only slight attenuation in sympathetic discharge dur-
ing non-REM sleep, depending on the effect to the
organ considered. Deep non-REM sleep (slow-wave
sleep) shows the greatest stability of autonomic reg-
ulation, a feature common to all mammalian spe-
cies. A tonic decrease in sympathetic activity char-
acterizes REM sleep in several species. However,
irregular episodes of sympathetic activation and
parasympathetic deactivation, related to somatic
phasic events (rapid eye movements and muscle
twitches), underlie the great instability of autonomic
functions during REM sleep episodes. REM sleep is
characterized by the variety and variability of func-
tional events within and among species.

Cardiovascular changes during non-REM sleep
represent a homeostatic response to behavioral qui-
escence. The stereotype of cardiovascular activity in
non-REM sleep across mammalian species is based
on the development of efficient automatic regulatory
mechanisms, which is a peculiar physiological fea-
ture of mammals. In contrast, the variety and varni-
ability of functional events within and among spe-
cies during REM sleep are the result of the
interaction between central mechanisms and spe-
cies-specific reflex mechanisms released from the ho-
meostatic control of hypothalamic structures.

As in the case of circulation, respiration is char-
acterized by a regulation consistent with the decrease
in metabolic rate in non-REM sleep and then a re-
moval of CNS modulation of various reflexes and
activation of state-specific brain stem neural activity
during REM sleep. An added feature for this system
is a shift from a combination of behavioral and met-
abolic controls during wakefulness to purely meta-
bolic regulation involving the hypothalamus and re-
lated areas during non-REM sleep, particularly deep
non-REM sleep once the wakefulness stimulus is
completely withdrawn. Less regular, at times erratic,
respiratory movements and decreased responsive-
ness to a variety of stimuli result from the loss of
control by the hypothalamus in REM sleep.

The thermal environment greatly affects both the
quality and quantity of sleep. In turn, sleep modifies
the nature of thermoregulation. All thermoregula-
tory responses, both behavioral and physiological,
are observed during non-REM sleep. Changes in
threshold and gain of the major putative regulator,

the hypothalamus, occur in the transition from
wakefulness to non-REM sleep that are specifically
related to sleep processes. Most remarkable during
REM sleep, besides the lack of behavioral thermo-
regulation as a consequence of muscle atonia, is the
disappearance or depression of the physiological re-
sponses such as shivering, panting, vasomotion, pi-
loerection, and sweating to peripheral and central
thermal stimuli.
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